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PREFACE 


The present book contains a biief account, wntten in 
simple language, of the methods and results of modern 
astronomical research, both observational and theo- 
retical Special attention has been given to problems 
of cosmogony and evolution, and to the general 
structure of the universe. My ideal, perhaps never 
wholly attainable, has been that of making the entire 
book intelligible to readers with no special scientific 
knowledge. 

Parts of the book cover the same ground as various 
lectures I have recently delivered to University and 
other audiences, including a course of wireless talks 
I gave last autumn. It has been found necessary to 
rewrite these almost in their entirety, so that very few 
sentences remain in their original form, but those who 
have asked me to publish my lectures and wireless 
fflIVs will find the substance of them m the present 


book. 


J H JEANS 


DORKING 
1 May 1920 


PREFACE TO SECOND EDITION 

In preparing a second edition, I have taken advantage 
of a great number of suggestions made by correspon- 
dents and reviewers, to whom I offer my smeerest 
thanks I have also inserted discussions of the new 
planet Pluto, the rotation of the galaxy, the appaicnt 
expansion of the universe, and other subjects which 
have become important since the first edition was 
published, and in general have tried to bring the book 
up to date 


BOBKiisro 
2 August 1030 


J H JEANS 
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INTRODUCTION 


The Study of Astronomy 

On the evening of January 7, 1610, a fateful day for 
the human race, Galileo Galilei, Professor of Mathe- 
matics in the University of Padua, sat in front of a 
telescope he had made with his own hands. 

More than three centuries previously, Roger Bacon, 
the inventor of spectacles, had explained how a tele- 
scope could be constructed so as “to make the stars 
appear as near as we please ” He had shewn how a 
lens could be so shaped that it would collect all the 
rays of light falling on it from a distant ob]ect, bend 
them until they met in a focus and then pass them on 
through the pupil of the eye on to the retina. Such an 
instrument would increase the power of the human eye, 
lust as an ear trumpet increases the power of the human 
ear by collecting all the waves of sound which fall on 
a large aperture, bendmg them, and passing them 
through the orifice of the ear on to the ear drum. 

Yet It was not until 1608 that the first telescope had 

been constructed by Lippershey, a 
maker. On hearing of this instrument, Galileo had set 
to work to discover the principles of its construction 
and had soon made himself a telescope ^ better than 
the ongmal His instrument had created Jo si^h sen- 
sation m Italy Suchextraordinary stories had been told 

of Its powers that he had been ^^Th! 

to Venice and exhibit it to the Doge and Se^te. The 
citizens of Venice had then seen the most aged of them 

Senators climbingthehighestbell-towerstospy^^^^ 

the telescope at ships which were too far out at sea 
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to be seen at all ■without its help The telescope ad- 
mitted about a hundred tunes as much hght as the 
unaided human eye, and, according to Gahleo, it 
shewed an object at fifty miles as clearly as if it were 
only five miles away 

Perhaps it need hardly he said that this is quite 
msigniflcant m comparison 'with -the power of modem 
ms'truments. The telescope of 100-mch aperture at 
Mount Wilson, Califorma, the largest at present in 
existence, adnuts 2500 times as much hght as Galileo’s 
tmy mstrument, and so 250,000 times as much light as 
the unaided eye. It is hoped that a 200-inch telescope 
■will shortly be built m California; 'this 'will admit four 
■times as much hght as the 100-mch instrument, or 
about a mi lli on times as much hght as the 'unaided eye. 

The absorbing interest of his new mstrument had 
almost dn'ven from Galileo’s mmd a problem to which 
he had at one time given much thought. Over two 
thousand years previously, Pythagoras and Philolaus 
had taught that the earth is not fixed in space but 
rotates on its axis every twenty-four hours, thus 
causing the alternation of day and mght Aristarchus 
of Samos, perhaps the greatest of all the Greek mathe- 
maticians, had further mamtained that the earth not 
■turned on I'ts axis, but also described a yearly 
journey round the sun, this bemg the cause of the 
cycle of the seasons. 

^en these doctrmes had fallen mto disfevour. 
Aristotle had pronounced agamst them, asserting that 
Hie earth formed a fixed centre to the universe. Later 
Ptolany had explamed the tracks of the planets across 
the sky m terms of a comphcated system of cycles 
and epicycles; the planets moved in circular paths 
around moving pomts, which themselves moved m 




Introduction 3 

circles around an unmoveable earth. The Church had 
given its sanction and active support to these doc- 
trines. Indeed, it is difficult to see what else it could 
have done, for it seemed almost impious to suppose 
that the great drama of man’s fall and redemption, in 
which the Son of God had Himself taken part, could 
have been enacted on any lesser stage than the very 
centre of the Universe. 

Yet, even in the Church, the doctrine had not gained 
universal acceptance Oresme, Bishop of Lisieux, and 
Cardinal Nicholas of Cusa, had both declared against 
it, the latter writing in 1440: 

I have long considered that this earth is not fixed, but 
moves as do the other stars To my mind the earth turns 
upon its axis once every day and night 

At a later date those who held these views incurred 
the active hostility of the Church, and m 1600 Giordano 
Bruno was burned at the stake. He had written: 

It has seemed to me unworthy of the divine goodness 
and power to create a finite world, when able to produce 
beside it another and others infinite, so that I have de- 
clared that there are endless particular worlds similar to 
this of the earth, with Pythagoras I regard it as a star, 
and similar to it are the moon, the planets and other stars, 
which are infinite in number, and all these bodies are 
worlds 

The most weighty attack on orthodox doctrine had, 
however, been delivered neither by theologians nor 
philosophers, but by the Polish astronomer, Nicolaus 
Copernicus (1478-1648). In his great work De re- 
volutionihus orbium coelestium Copernicus had shewn 
that Ptolemy’s elaborate structure of cycles and epi- 
cycles was unnecessary, because the tracks of the 
planets across the sky could be explained quite simply 



4 The Universe Around Us 

by supposing that the earth and the planets all moved 
round a fixed central sun. The sixty-six years which 
had elapsed since this book was published had seen 
these theories hotly debated, but they were still 
neither proved nor disproved. 

Galileo had already found that his new telescope 
provided a means of testing astronomical theories. As 
soon as he had turned it on to the Milky Way, a whole 
crowd of legends and fables as to its nature and 
structure had vamshed into thm air, it proved to be 
nothing more than a swarm of faint stars scattered 
like golden dust on the black background of the sky. 
Another glance through the telescope had disclosed 
the true nature of the moon It had on it mountains 
which cast shadows, and so proved, as Giordano Bruno 
had maintamed, to be a world like our own What if 
the telescope should now m some way prove able to 
decide between the orthodox doctrine that the earth 
formed the hub of the universe, and the new doetnne 
that the earth was only one of a number of bodies, all 
circling round the sun like moths round a candle- 
flame^ 

And now Galileo catches Jupiter m the field of his 
telescope and sees four small bodies circling around 
the great mass of the planet— like moths round a 
candle-flame. What he sees is an exact replica of the 
solar system as imagined by Copernicus, and it pro- 
vides direct visual proof that such systems are at least 
not ahen to the architectural plan of the universe 
On January 80 th he wntes to Behsano Vinta that 
aese small bodies move round the far greater mass of 
Jupiter “just as Venus and Mercury, and perhaps the 
other planets, move round the sun.” 

Any lingering doubts that Galileo may have felt as 


Introduction 5 

to the significance of his discovery are removed nine 
months later when he observes the phases of Venus 
Venus might have been self-luminous, in which case 
she would always appear as a full circle of light If 
she were not self-luminous but moved in a Ptolemaic 
epicycle, then, as Ptolemy had himself pointed out, 
she could never shew more than half her surface illum- 
inated. On the other hand, the Copernican view of 
the solar system required that both Venus and Mer- 
cury should exhibit ‘‘phases” like those of the moon, 
their shining surfaces ranging m appearance from 
crescent-shape through half moon to full moon, and 
then back through half moon to crescent-shape That 
such phases were not shewn by Venus had indeed 
been urged as an objection to the Copernican theory. 

Galileo’s telescope now shews that, as Copernicus 
had foretold, Venus passes through the full cycle of 
phases, so that, in Galileo’s own words, we “ are now 
supplied with a determination most conclusive, and 
appealing to the evidence of our senses, of two very 
important problems, which up to this day have been 
discussed by the greatest intellects with different con- 
clusions One IS that the planets are not self-luminous 
The other is that we are absolutely compelled to say 
that Venus, and Mercury also, revolve around the sun, 
as do also all the rest of the planets, a truth believed 
indeed by the Pythagorean school, by Copernicus, and 
by Kepler, but never proved by the evidence of our 
senses, as is now proved in the case of Venus and 
Mercury.” 

These discoveries of Galileo made it clear that 
Aristotle, Ptolemy and the majority of those who had 
thought about these things in the last 2000 years had 
been utterly and hopelessly wrong In estimating his 
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position in the universe, man had up to now been 
guided mainly by his own desires, and his self-esteem; 
long fed on boundless hopes, he had spurned the 
simpler feure offered by patient scientific thought. 
Inexorable facts now dethroned bim from his self- 
arrogated station at the centre of the universe; hence- 
forth he must reconcile himself to the humble position 
of the mhabitant of a speck of dust, and adjust his 
views on the meaning of human life accordingly. 

The adjustment was not made at once. Human 
vamty, remforced by the authonty of the Church, 
contrived to make a rough road for those who dared 
draw attention to the earth’s insignificant position in 
the umverse Galileo was forced to abjure his beliefs. 
Well on into the eighteenth century the ancient 
Umversity of Pans taught that the motion of the 
earth round the sun was a convement hutfedsB hypo- 
thesis, while the newer American Universities of 
Harvard and Yale taught the Ptolemaic smd Coper- 
mean systems of astronomy side by side as though 
they were equally tenable Yet men could not keep 
their heads buned m the sand for ever, and when at 
iMt its full imphcations were accepted, the revolu- 
tion of thought imtiated by Gahleo’s observations of 
January 7, 1610, proved to be the most catastrophic in 
the history of the race The cataclysm was not con- 
fined to the realms of abstract thought; henceforth 
human existence itself was to appear in a new light, 
and human ai ms and aspirations would be judsfed from 
a different standpoint 

This oft-told story has been told once again, in the 
hope that it may serve to eaqilain some of the interest 
taken m astronomy to-day. The more mundane sciences 
prove their worth by adding to the amenities and 
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pleasures of life, or by alleviating pain or distress, 
but It may well be asked what reward astronomy has 
to offer Why does the astronomer devote arduous 
nights, and still more arduous days, to studymg the 
structure, motions and changes of bodies so remote 
that they can have no conceivable influence on human 
life’ 

In part at least the answer would seem to be that 
many have begun to suspect that the astronomy of 
to-day, like that of Galileo, may have something to 
say on the enthralling question of the relation of 
human life to the universe in which it is placed, and 
on the beginnings, meaning and destiny of the human 
race Bede records how, some twelve centuries ago, 
human life was compared in poetic simile to the flight 
of a bird through a warm hall in which men sit feasting, 
while the winter storms rage without. 

The bird is safe from the tempest for a brief moment, 
but immediately passes from winter to winter again So 
man’s life appears for a little while, but of what is to follow, 
or of what went before, we know nothing If, therefore, a 
new doctrme tells us something certain, it seems to deserve 
to be followed 

These words, originally spoken in advocacy of the 
Christian religion, describe what is perhaps the mam 
interest of astronomy to-day. Man 
only knowing 

Life’s little lantern between dark and dark 
wishes to probe further mto the past and future than 
his brief span of life permits He wishes to see the 
umverse as it existed before man was, as it will be 
after the last man has passed agam mto the darkness 
from which he came. The wish does not originate 
solely in mere intellectual curiosity, m the desire to 
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see over the next lange of moxmtams, the desiie to 
attain a summit commanding a wide view, even if it 
be only of a promised land which he may never hope 
h i ms elf to enter; it has deeper roots and a more per- 
sonal mterest. Before he can understand himself, man 
must first understand the universe from which all his 
sense perceptions are drawn. He wishes to explore 
the umverse, both in space and time, because he 
himself forms part of it, and it forms part of him. 

We may well admit that science cannot at present 
hope to say anything final on the questions of human 
existence and human destmy, but this is no justification 
for not becoming acquamted with the best that it has 
to offer. It IS rare mdeed for science to give a final 
“Yes” or “No” answer to any question propounded 
to her. When we are able to put a question in such a 
defimte form that either of these answers could be 
given in reply, we are generally already m a position 
to supply the answer ourselves. Science advances 
rather by providmg a succession of approximations 
to the truth, each more accurate than the last, but 
each capable of endless degrees of higher accuracy. 
To the^ question, “where does man stand in the uni- 
verse? ” the first attempt at an answer, at any rate 
m recent times, was provided by the astronomy of 
:^lemy “ at the centre.” Galileo’s telescope provided 
the n^ and mcomparably better, approximation: 

no^ s home in space is only one of a number of 
^ bojes revolvmg round a huge central sun.” 
Nmeteen^-eentury astronomy swung the pendu- 
im still further in the same direction, saying: 
there are miUions of stars in the ^y, each similar 
to our sun, each doubtless surrounded, like our sun, 
by a family of planets on which life may be kept in 
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t>eing by the light and heat received from its sun. 
Twentieth-century astronomy suggests, as we shall see, 
that the nineteenth century had swung the pendulum 
too far, life now seems to he more of a rarity than our 
fathers thought, or would have thought if they had 
given free play to their intellects 

We are setting out to explain the approximation to 
the truth provided by twentieth-century astronomy 
^o doubt it is not the final truth, but it is a step on 
towards it, and unless we are greatly m error it is 
'Very much nearer to the truth than was the teaching 
of nineteenth-century astronomy It claims to be 
nearer the truth, not because the twentieth-century 
astronomer claims to be better at guessing than his 
predecessors of the nineteenth century, but because he 
has incomparably more facts at his disposal Guessing 
ha s gone out of fashion in science, it was at best a 
poor substitute for knowledge, and moderh science, 
eschewing guessing severely, confines itself, except on 
very rare occasions, to ascertained facts and the in- 
ferences which, so far as can be seen, follow unequi- 
vocally from them 

It would of course be futile to pretend that the 
whole interest of astronomy centres round the ques- 
tions just mentioned Astronomy offers at least three 
other groups of interest which may be described as 
utilitarian, scientific and aesthetic 

At first astronomy, like other sciences, was studied 
for mainly utilitarian reasons. It provided measures 
of time, and enabled mankmd to keep a tally on the 
flight of the seasons, it taught him to find his way 
across the trackless desert, and later, across the track- 
less ocean In the guise of astrology, it held out hopes 
of t illing him his future. There was nothmg intrin- 
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sically absurd m this, for even to-day the astronomer 
IS largely occupied with foretelling the future move- 
ments of the heavenly bodies, although not of human 
affairs — b. considerable part of the present book will 
consist of an attempt to foretell the future, and predict 
the final end, of the material universe Where the astro- 
logers went wrong was in supposing that terrestrial 
empires, kings and individuals formed such important 
items in the scheme of the universe that the motions of 
the heavenly bodies could be intimately bound up with 
their fates As soon as man began to realise, even 
faintly, his own insigmficance in the universe, astrology 
died a natural and inevitable death. 

The utihtarian aspect of astronomy has by now 
shrunk to very modest proportions. The national ob- 
servatories still broadcast the time of day, and help 
to gmde ships across the ocean, but the centre of 
astronomical interest has shifted so completely that 
the remotest of nebulae arouse incomparably more 
enthusiasm than ‘‘clock-stars,’’ and the average astro- 
nomer totally neglects our nearest neighbours m space, 
the planets, for stars so distant that their light takes 
hundreds, thousands, or even millions, of years to 
reach us. 

Recently, astronomy has acquired a new scientific 
mterest through estabhshing its position as an integral 
part of the general body of science. The various 
sciences can no longer he treated as distinct; scientific 
discovery advances along a continuous front which 
extends unbroken from electrons of a fraction of a 
milhonth of a imlhonth of an inch in diameter, to 
nebulae whose diameters are measured in hundreds 
of thousands of milhons of millions of miles. A gam 
of astronomical knowledge may add to our knowledge 
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of physics and chemistry, and vice versa The stars 
have long ago ceased to be treated as mere points of 
light. Each IS now regarded as an experiment on a 
heroic scale, a high temperature crucible in which 
nature herself operates with ranges of temperature 
and pressure far beyond those available in our labora- 
tones, and permits us to watch the results. In so 
doing, we may happen upon properties of matter 
which have eluded the terrestrial physicist, owing to 
the small range of physical conditions at his command. 
For instance matter exists in nebulae with a density 
at least a million times lower than anything we can 
approach on earth, and in certain stars at a density 
nearly a million times greater. How can we expect to 
understand the whole nature of matter from laboratory 
experiments m which we can command only one part 
in a million million of the whole range of density known 
to nature? 

Yet for each one who feels the purely scientific 
appeal of astronomy, there are probably a dozen who 
are attracted by its aesthetic appeal Many even of 
those who seek after knowledge for its own sake, 
driven by that intellectual curiosity which provides 
the fundamental distinction between themselves and 
the beasts, find their mam interest m astronomy, as 
the most poetical and the most aesthetically gratifying 
of the sciences They want to exercise their faculties 
and imaginations on something remote from everyday 
trivialities, to find an occasional respite from ‘‘the 
long littleness of life,” and they satisfy their desires 
in contemplating the serene immensities of the outer 
universe. To many, astronomy provides something of 
the vision without which the people perish 

Before proceeding to describe the results of the 
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modem astronomer’s survey of the sky, let us try to 
envisage in its proper perspective the platform from 
which his observations are made. 

Later on, we shall see how the earth was born out 
of the sun, somethmg like two thousand milhons of 
years ago It was born m a form in which we should 
find it hard to reeogmse the solid earth of to-day with 
its seas and nvers, its nch vegetation and overflowing 
life. Our home in space came mto bemg as a globe of 
mtensely hot gas on which no hfe of any kind could 
either gam or retain a foothold. 

Gradually this globe of gas cools down, becoming 
first h(juid, then plastic. Fmally its outer crust 
solidifies, rocks and mountains forming a permanent 
record of the irregularities of its earher plastic form. 
Vapours condense mto hquids, and rivers and oceans 
come mto bemg, while the “permanent” gases form 
an atmosphere Gradually the earth assumes a con- 
dition smted to the advent of life, which finally 
appears, we know not how, whence or why. 

It IS not easy to estimate the time smce life first 
appeared on earth, but it can hardly have been more 
than a small fraction of the whole 2000 million years 
of the earth’s existence Still, there was probably hfe 
on earth at least 800 miUion years ago. The first li fe 
appears to have been wholly aquatic, but gradually 
fishes changed mto reptiles, reptdes mto Tn«..Trir»aU 
and finally man emerged from mammals. The evidence 
favours a penod of about 800,000 years ago for this 
last event. Thus life has inhabited the earth for only 
a foaction of its existence, and man for only a tmy 

action of this fraction. To put it in another way, the 
a^onomical time-scale is incomparably longer than 
the human tune-scale — ^the generations of Tnan, and 
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even the whole of human existence, are only ticks of 
the astronomer’s clock. 

Most of the 10,000 or so of generations of men who 
connect ns up with our ape-like ancestry must have 
lived lives which did not differ greatly from those of 
their animal predecessors. Hunting, fishing and war- 
fare filled their lives, leaving but little time or op- 
portunity for intellectual contemplation. Then, at last, 
man began to awake from his long intellectual slumber, 
and, as civilisation slowly dawned, to feel the need for 
occupations other than the mere feeding and clothing 
of his body. He began to discover revelations of infinite 
beauty in the grace of the human form or the play 
of light on the myriad-smiling sea, which he tried to 
perpetuate m carefully chiselled marble or exquisitely 
chosen words. He began to experiment with metals 
and herbs, and with the effects of fire and water. He 
began to notice, and try to understand, the motions 
of the heavenly bodies, for to those who could read 
the writing in the sky, the nightly rising and setting 
of the stars and planets provided evidence that beyond 
the confines of the earth lay an unknown universe 
built on a far grander scale 

In this way the arts and sciences came to earth, 
bringing astronomy with them We cannot quite say 
when, but compared even with the age of the human 
race, they came but yesterday, while m comparison 
with the whole age of the earth, their age is but a 
twinkling of the eye. 

Scientific astronomy, as distinguished from niere 
star-gazing, can hardly claim an age of more than 
3000 years It is less than this since Pythagoras, 
Aristarchus and others explained that the earth moved 
around a fixed sun. Yet the really significant figure for 
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OUT present purpose is not so much the tune smce men 
began to make conjectures about the structure of the 
universe, as the time smce they began to unravel its 
true structure by the help of ascertained fact. The 
important length of tune is that which has elapsed 
smce that evemng m 1610 when Galileo first turned his 
telescope on to Jupiter — a mere three centimes or so. 

We begm to grasp the true significance of these 
round-number estimates when we re-write them in 
tabular form. We have* 


about 2,000,000,000 jwan 

U 800,000,000 „ 

»s flOOjOOO 91 

s) SfOOO 

>9 800 


tt 


Age of eezth 

of life on earth 
Age of man on earth 
Age of astronomical science 
Age of telescopic astronomy 

When the vanotis figures are displayed in. this foim 
we see what a very recent phenomenon astronomy is. 
Its total age is only a hundredth part of the age of 
man, only a hundred-thousandth part of the tame that 
life has inhabited the earth Durmg 99,999 parts out 
of the 100,000 of its existence, life on earth was hardly 
concerned about anything beyond the earth But 
whereas the past of astronomy is to be measured on 
the human tame-scale, a hundred generations or so of 
men, there is every reason to expect that its future 
will be measured on the astronomical time-scale. We 
fiM discuss the probable future stretchmg before the 
human race in a later chapter. For the moment it is 
not unreasonable to suppose that this future will 
probably be terminated by astronomical causes, so 
^t its length IS to be measured on the astronomical 
tam&scale. As the earth has already existed for 2000 
yem, it IS d pnori reasonable to suppose that 
^ for at least something of the order of 
2000 milhon years yet to come, and humanity and 
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astronomy with it. Actually we shall find reasons for 
expecting it to last far longer than this. But if once 
it IS conceded that its future hfe is to be estimated on 
the astronomical time-scale, no matter in what exact 
way, we see that astronomy is still at the very openmg 
of its existence This is why its message can claim no 
finality — ^we are not describing the mature convictions 
of a man, so much as the first impressions of a new- 
born babe which is ]ust opening its eyes Even so they 
are better than the idle introspective dreamings m 
which it indulged before it had learned to look around 
itself and away from itself 

And so we set out to learn what astronomy has to 
tell us about the umverse in which we live our lives 
Our inquiry will not be entirely limited to this one 
science. We shall call upon other sciences, physics, 
chemistry and geology, as well as the more closely 
allied sciences of astrophysics and cosmogony, to give 
help, when they can, in mterpretmg the message of 
observational astronomy. The information we shaE 
obtam will be fragmentary If it must be compared 
to anything, let it be to the pieces of a jig-saw puzzle. 
Could we get hold of all the pieces, they would, we are 
confident, form a single complete consistent picture, 
but many of them are still massing. It is too much to 
hope that the incomplete senes of pieces we have 
already found will disclose the whole picture, but we 
may at least collect them together, arrange them in 
some sort of methodical order, fit together pieces 
which are obviously contiguous, and perhaps hazard 
a guess as to what the finished picture will prove to 
be when all its pieces have been foimd and finally 
fitted together. 



CHAPTER I 


Eceploring the Sky 

We have seen how man, after inhabiting the earth for 
300,000 years, has within the last 300 years — ^the last 
one-thousandth part of his life on earth — become pos- 
sessed of an optical means of studying the outer 
universe In the present chapter we shall try to desci ibc 
the impressions he has formed with his newly-awakened 
eyes The description will be arranged in a very rough 
chronological order This is also an order of increasing 
telescopic power, or again of seeing further and further 
into space, so that our order of arrangement might 
equally be described as one of increasing distance from 
the sun We shall not attempt any sort of continuous 
record, but shall merely mention a few landmarks so 
as to shew in broad outlme the order in which territoiy 
was won and consolidated in man’s survey of the 
universe 


THE SOLAR SYSTEM 

We may conveniently start with the solar system, 
the structure of which was unravelled by Galileo and 
his successors 

The sun’s family of planets falls naturally into 
distinct groups Near to the sun are the four small 
planets. Mercury, Venus, the Earth and Mars At 
much greater distances are the four great planets, 
Jupiter, Saturn, Uranus and Neptune Beyond all 
these IS the newly discovered planet Pluto, the outer- 
most member of our system so far known. 

Mercury is nearest of all to the sun, next comes 
Venus The orbits of these two planets he between the 
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earth’s orbit and the sun. As seen from the earth, these 
planets appear to describe relatively small circles 
round the sun, and so must necessarily appear near to 
the sun m the sky. As a consequence, they can only 
be seen either in the early mornmg, if they happen to 
rise ]ust before the sun, or m the evenmg if they set 
after the sun. The ancients not altogether recogmsmg 
that the same planets could appear both as mornmg 
and evening stars, gave them ditterent names accordmg 
as they figured as the one or the other. As a mornmg 
star Venus was called Phosphoros by the Greeks and 
" Lucifer by the Romans, as an evenmg star it was 

called Hesperus by both 

Next beyond the earth, proceeding outward from 
the sun into space, comes Mars, completing the group 
of small planets Mars, Venus and Mercury are all 
smaller than the earth m size, although Venus is only 
slightly so. 

There is a wide gap between the orbit of Mars, the 
last of the small planets, and that of Jupiter, the 
first of the great planets This is not empty, it is 
occupied by the orbits of thousands of tiny planets 
known as asteroids N one of these approaches the earth 
in size, Ceres, the largest, is only 480 miles m diameter, 
and only four are Icnown with diameters of more than 
100 miles The planets Mercury, Venus and Mars have 
all been Icnown from remote antiqmty, but the asteroids 
only entered astronomy with the nmeteenth century, 
Ceres, the first and largest, having been discovered by 
Piazzi on January 1, 1801. 

Beyond the asteroids come the four great planets 
Jupiter, Saturn, Uranus and Neptune, all of which are 
far larger than the earth Jupiter, the largest, has, 
accordmg to Sampson, a diameter of 88,640 miles, or 

} ID * 
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more than eleven times the diameter of the earth; 
fourteen hundred bodies of the size of the earth could 
be packed inside Jupiter, and leave room to spaie 
Saturn, which comes next in order, is second only to 
Jupiter in size, having a diameter of about 70,000 
miles These two are by far the largest of the planets. 

Uranus and Neptune have each about four times the 
diameter, and so about sixty-four times the volume, 
of the earth. The size of Pluto is not yet known with 
accuracy, but it can hardly be larger than the eaith 
and is probably considerably smaller 

Jupiter and Saturn form such conspicuous objects 
in the sky that they have necessarily been known 
from the earliest times, but Uranus and Neptune 
are comparatively recent discoveries. Sir William 
Herschel discovered Uranus quite accidentally in 
1781, while looking through his telescope with no 
motive other than the hope of finding something in- 
teresting in the sky, By contrast, Neptune was dis- 
covered in 1846 as the result of intricate mathe- 
matical calculations, which many at the time icgarded 
as the greatest triumph of the human mind, at any 
rate since the time of Newton It was a triumph of 
youth. The honour must be apportioned in approxi- 
mately equal shares between an Englishman, John 
Couch Adams, then only 27 years old, who was af I cr- 
wards Professor of Astronomy at Cambridge, and a 
young French astronomer, Urbain J J. Leverricu*, who 
was only eight years his senior Both attiibutcKl 
certain vagaries m the observed motion of Uranus 
to the gravitational pull of an exterior planet, and 
both set to work to calculate the orbit m which this 
supposed outer planet must move to explain these 
vagaries. 
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Adams finished his calculations first, and informed 
observers at Cambridge as to the part of the sky in 
which the new planet ought to he. As a result, Neptune 
was observed twice, although without being imme- 
diately identified as the wanted planet Before this 
identification had been established at Cambridge, 
Leverrier had finished his computations and com- 
municated his results to Galle, an assistant at Berlin, 
who was able to identify the planet at once, Berlin 
possessing better star-charts of the region of the sky 
in question than were accessible at Cambridge. 

Gradually it emerged that the giavitational pull of 
Neptune was inadequate to account for all the vagaries 
in the motions of Uranus, while similar vagaries began 
to appear m Neptune’s own motion. This pointed Lo 
the existence of yet another planet, further out even 
than Neptune Just as Adams and Leverrier had 
done on the former occasion, so Dr Percival Lowell, of 
Flagstaff Observatory, Arizona, computed the orbiL 
in which the conjectured new planet, ‘‘Planet X, 
ought to move, but it was only recently (March 1980), 
after many years of careful search, that the Flagstaff 
observers discovered the planet Pluto, moving in almost 
precisely the orbit which Lowell had predicted fifteen 
years previously 

As far back as 1772, Bode had pointed out a simple 
numerical relation connecting the distances of the 
various planets from the sun This is obtained as 
follows Write first the series of numbers 

0 1 2 4 8 10 82 64 128 256 

in which each number after the first two is double 
the preceding. Multiply each by three, thus obtaining 

0 3 6 12 24 48 96 192 884 768 

2-3 
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and add four to each, giving 

4 7 10 16 28 52 100 196 688 772 


These numbers are very approximately propor- 
tional to the actual distances of the planets from the 
sun, which are (taking the earth’s distance to be 10): 
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The law was enunciated before Uranus and the 
asteroids had been discovered, so that it is somewhat 
remarkable that these fit so well into their predicted 
places On the other hand, the law fails completely for 
Neptune and the newly discovered Pluto, so that 
it seems more than likely that it is a mere coincidence 
with no underlying rational explanation 

The outermost planets are at enormous distances 
from the sun An inhabitant of Pluto, if such existed, 
would receive only a sixteen-hundredth part as much 
light and heat from the sun as an inhabitant of the 
earth receives. It can be calculated that if Pluto’s 
surface were warmed only by the heat of the sun, 
it would be at a very low temperature indeed, some- 
where in the neighbourhood of - 230° Ccntigiad(% 
or more than 400 degrees of frost on the Fahrenheit 
scale 

A telescope collects heat as well as light Not only 
IS the heat-gathering power of a large telescope tie- 
mendous, but extremely sensitive instruments have 
been designed to measure this heat The 100-inch 
telescope at Mount Wilson is said to be capable of 
detecting the heat received from a single candle on the 
banks of the Mississippi, 2000 miles away This great 
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sensitiveness has made it possible to measure the 
inlinitesimal amounts of heat received from single 
stais and planets, and so to estimate the temperatures 
of their surfaces Recent measurements indicate that 
the surface of Jupiter is at a temperature of about 
— 150° Centigrade, which is just about that at which 
it would be maintained by the sun’s heat alone On 
the other hand similar measurements assign tempera- 
tures of — 150° and — 170° respectively to Saturn 
and Uranus, both of which are rather higher than 
would be expected if these planets had no source of 
heat beyond the sun’s radiation But it seems clear 
that any sources of internal heat must he quite 
small, and that all the major planets are very cold 
indeed. There can be neither seas nor rivers on their 
surfaces, since all water must be frozen into ice, 
neither can there be rain or water-vapour in their 
atmospheres It has been suggested that the clouds 
which obscure our view of Jupiter’s surface may he 
condensed particles of carbon-dioxide, or some other 
gas which boils at temperatures far below the freezing 
point of water 

The physical conditions of the smaller planets are 
much more like those with which we are familiar on 
earth Owing to its greater distance from the sun, 
Mars is somewhat, but not enormously, colder than 
the earth Its day of 24 hours 37 minutes is only 
slightly longer than our own, so that its surface must 
experience aUernations of warmth by day and cold 
by night similar to those we find on earth In the 
equatorial regions the temperature rises well above 
the freezing point at noon, occasionally reaching 50° 
Fahrenheit or even more But even here it falls below 
freezing some time before sunset, and from then until 
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■well on in the next day, the climate must be Ycry eold- 
The polar regions are of course colder still, the tem- 
perature of the snowcap ■which covers the poles being 
somewhere about — 70° Centigiade or — 94° Fahren- 
heit — 126 degrees of frost I 

Venus, being nearer the sun, must have a higher aver- 
age temperature than the earth But as each of its days 
and nights is several days of oui terrestrial time, the 
difference between the temperatures of day and night 
must be far greater than with us, so that its surface 
must experience great extremes of heat by day and of 
cold by night The night temperature appears to be 
fairly uniformly equal to about — 25° Centigiade or 
— 18° Fahrenheit At any point on the planet’s surface 
weeks of this bitterly cold night temperature must 
alternate with weeks of a roasting day tempciatxirc. 

Mercury is so near the sun that its average tempera- 
ture IS necessarily far highei than that of the caith. 
It reflects only a tiny fraction — about a foui tcenth —of 
the light and heat it receives from the sun. All the lesl 
goes to heating up its surface A number of consideia- 
tions make it likely that the planet always tin ns the 
same face to the sun, just as the moon always tin ns the 
same face to the earth If so the unwarnied half of its 
surface must be intensely cold, and the wanned half 
intensely hot It can be calculated that in tins case 
the warmed hemisphere ought to have a tcmpciaturc 
of about 357° Centigrade , if however the planet was 
in fairly rapid rotation, its whole surface would have 
a temperature of only about 170° Centigrade. Quite' 
recently Pettit and Nicholson have measured the 
amount of heat received on earth from the wai nicd 
hemisphere, and find that its temperature must be 
about 350° Centigrade or 662° Fahrenheit, thus con- 




PLATE I 




23 


Exploring the Sky 

firming that the planet always turns the same face to 
the sun Its waim hemisphere is at a temperature 
which melts lead , the other hemisphere, eternally dark 
and unwarmed, is piobably colder than anything we 
can imagine 

Galileo’s diseovery of the four satellites of Jupiter 
was followed m time by the discovery that every planet 
was attended by satellites, except the two whose orbits 
lay inside the earth’s In 1655 Huyghens discovered 
Titan, the largest of Saturn’s satellites, and by 1684 
Cassini had discovered four more Then, after the lapse 
of a full century. Sir William Herschel discovered two 
satellites of Uranus m 1787 and two more satellites 
of Saturn m 1789 We shall discuss the full system of 
planetary satellites and also the smaller bodies of the 
solar system — comets, meteors and shooting-stars — 
in a later chapter, when we come to deal with the way 
they came into being 

THE GALACTIC SYSTEM 

Our next landmark is the survey of the stars by the 
two Herschels, Sir William Herschel, the father (1738— 
1822) and Sir John Herschel, the son (1792-1871) 
What Galileo had done for the solar system, the two 
Herschels set out to do for the huge family of stars — 
the “galactic” system, bounded by the Milky Way 
— of which our sun is a member. 

On a clear moonless night the Milky Way is seen to 
stretch, like a great arch of faint light, from horizon 
to horizon It is found to be only part of a full circle 
of light — ^the galactic circle — ^which stretches com- 
pletely round the earth and divides the sky into two 
equal halves, forming a sort of celestial “equator,” 
with reference to which astronomers are accustomed 
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to measure latitude and longitude in the sky Galileo’s 
telescope had shewn that it consists of a crowd of 
faint stars, each too dim to he seen individually with- 
out telescopic aid (see Plate I), And, as might be 
expected, the proper interpretation of this gicat belt 
of faint stars has proved to be fundamental in under- 
standing the architecture of the universe. 

If stars were scattered uniformly through infinite 
space, we should at last come to a star in whatever 
direction we looked, so that the sky would appear as 
a uniform blaze of intolerable light It is true that 
this would not be the case if light were dimmed or 
blotted out after travelling a certain distance, but even 
then, the sky would appear the same in all directions, 
for there would be no reason why one part of the sky 
should be more lavishly spangled with stars than 
another. Thus the existence of the Milky Way shews 
that the system of the stars does not extend uniformly 
to infinity It must have a definite structure, and it 
was the architecture of this that Sir William Herschel 
set himself to unravel The work he did for the northern 
half of the sky was subsequently extended to the 
southern hemisphere by his son. Sir John Herschel. 

We shall best understand the method employed by 
the Herschels if we first imagine all the stars in the 
sky to be intrinsically similar objects Each would 
then emit the same amount of light, so that the 
nearer stars would appear bright, and the further stars 
faint, merely as an effect of distance The way m 
which apparent brightness decreases with distance is of 
course well known, the law is that of the ^‘inverse 
squ^e of the distance,” which means that the apparent 
brightness decreases just as rapidly as the square of 
its distance increases; a star which is twice as distant 



Ex'ploring the Sky 25 

‘ as a second similar star appears only a quarter as 
bright, and so on Thus if all stars emitted the same 
amount of light, we could estimate the relative dis- 
tances of any two stars in the sky from their relative 
brightnesses By cutting wires of lengths proportional 
to the distances of vaiious stars, and pointing these 
in the directions of the stars to which they referred, 
we could form a model of the arrangement of the stars 
in the sky We should, in fact, know the whole 
structure of the system of stars except for its scale 
To represent the faint stars of the Milky Way, a great 
! number of very long wiies would be needed In the 
model these would all point towards different parts of 
the Milky Way, forming a flat wheel-hke structure 
The problem which confronted Sir William Herschel 
was more intricate because he knew that the stars 
were of different intrinsic brightness as well as at 
different distances, and both factors combined to 
produce differences of apparent brightness One of the 
mam difficulties of astronomy, both to the Herschels 
and to the astronomer of to-day, is that these two 
factors have to he disentangled before any definite 
conclusions are reached. 

Herschel found that the number of stars visible m 
his telescope-field vaiied enormously with different 
directions in space. It was of course greatest when the 
telescope was pointed at the Milky Way, and fell off, 
steadily and rapidly, as the telescope was moved away 
from the Milky Way Generally speaking, two tele- 
scope-fields which were at equal distances from the 
I Milky Way contained about the same number of stars 
In the technical language of astronomy, the richness 
of the star-field depended mainly on the galactic 
latitude, just as the earth’s climate depends mainly on 
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the geographic latitude, and not to any great extent 
on the longitude. 

Fields at different distances from the Milky Way 
were found to differ in quality as well as in number 
of stars The brightest stars of all occurred about 
equally in all fields, the difference in the fields resulting 
mainly from faint stars, and particularly the faintest 
stars of all, becoming enormously more abundant as 
the Milky Way was approached 

Sir William Herschel rightly interpreted this as 
shewing that the system of stars surrounding the sun 
began to thin out within distances reached by his 
telescope, and that they began to thin out soonest in 
directions furthest away from the Milky Way He 
supposed the general shape of the galactic system of 
stars to be that of a bun or a biscuit or a watch, the 
stars being most thickly scattered near the centre, and 
occurring more sparsely m the outer regions The plane 
of the Milky Way of course formed the central plane 
of the structure The fact that the Milky Way divides 
the sky into two almost exactly equal halves suggested 
to him that the sun must be very nearly in this central 
plane, and this is confirmed by the recent very refined 
investigations of Scares and van Rhi]n, and others 
From the fact that parts of the sky which were equi- 
distant from the Milky Way appeared about equally 
bright, Herschel inferred that the sun not only lay in 
the central plane of the system, but was very near to 
its actual centre This view has prevailed until quite 
recently, but the researches of Shapley and others now 
shew It to be untenable (see p 65 below) 

Fig 1 shews a cross-section of the general kind of 
structure which Sir William Herschel assigned to the 
ga actic system, although the detailed distribution of 
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stars shewn m the diagram is that given at a much later 
date (1922) by Kapteyn It is easy to see how a 
structure of this type would account for the general 
appearance of the sky Those stars which appear 
brightest of all are, generally speaking, the nearest, 
they are so near that no appreciable thinning out of 
stars occurs within this distance. For this reason the 
very bright stars occur in about equal numbers in all 
directions The stars which appear very faint are 
mostly very distant, so distant that the great depth of 
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Fig 1 The Structure of the Galactic System according to 
Ilerschel and Kapteyn 

the system in directions in or near to the galactic 
plane is brought into play. In such directions, layer 
after layer of stars, ranged almost endlessly one 
behind the other, give rise to the apparent concentra- 
tion of faint stars which we call the Milky Way. 

The final acceptance of the Copernican view of the 
structure of the solar system was m a large measure 
due to Galileo’s discovery of the similar system of 
Jupiter, which was so situated in space that a terrestrial 
observer could obtain a bird’s-eye view of it as a whole 
We can never obtain a bird’s-eye view of the solar 
system as a whole because we can only see it from 
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inside, so that optical proof that such systems could 
exist, could come only from the discovery of other 
similar systems, which we could see from outside. 

Sir William Herschel believed he had confiimcd his 
own view of the structure of the galactic system m 
the same way, by discovering similar systems, of which 
he could obtain a bird’s-eye view because they were 
entirely extraneous to the galaxy. He spoke of these 
objects as ‘‘island universes” and believed them to be 
clouds of stars They were of hazy nebular appear- 
ance, and although it was impossible to distinguish 
the separate stars in them, he believed that sufficient 
telescopic power would make this possible, just as it 
had enabled Galileo to see the separate stars in the 
Milky Way These objects, which we shall describe 
almost immediately, are generally known as “ extra- 
galactic nebulae” from their position, although we 
shall frequently find it convenient to use the briefer 
term “great nebulae,” to which their immense size 
fully entitles them 

NEBULAE 

A telescope exhibits a planet as a disc of appreciable 
size, and an eye-piece which magnifies 60 times will 
make Jupiter look as large as the moon Yet an eye- 
piece which magnifies 60 times, or any greater number 
of times, can never make a star look as large as the 
moon No magnification within our command causes 
any star to appear as anything other than a mere 
point of light The stars are of course enormously 
larger than Jupiter, but they are also enormously 
more distant, and it is the distance that wins 

The telescope nevertheless shews a number of 
objects which appear bigger than mere points of light 
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They are generally of a faint, hazy appearance, and 
so have received the general name of “nebulae” 
Detailed investigation has shewn that these fall into 
three distinct classes 

PLANETARY NEBULAE The first class are gene- 
rally described as “Planetary Nebulae” There is 
nothing of a planetary nature about them beyond the 
fact that, like the planets, they shew as finite discs in 
a telescope A few hundreds only of these objects are 
known, four typical examples being illustrated in 
Plate II They all he within the galactic system We 
shall discuss their physical stiucture below (p 321) 
For the moment, it is enough to say that they arc 
probably of the natuie of stars which have in some 
way become surrounded by luminous atmospheres of 
enormous extent. If so they of course disprove our 
general statement that no star ever appears as any- 
thing but a point of light in a telescope, we must make 
an exception in favour of the planetary nebulae 

GALACTIC NEBULAE. Thc second class are gene- 
rally described as “Galactic Nebulae,” examples being 
shewn in Plates III, VI (p 37) and VII (p. 44). These 
are completely irregular in shape Their general appear- 
ance IS that of huge glowing wisps of gas stretching 
from star to star, and m effect this is pretty much what 
they are Like the planetary nebulae, they he entirely 
within the galactic system Even a cursory glance 
shews that each irregular nebula contains several stars 
enmeshed with it, minute telescopic examination often 
extends the dimensions of the nebula almost indc- 
fiinitely, so that we may have almost the whole of a 
constellation wrapped up m a single nebula 

There is but little doubt as to thc physical nature 
of these nebulae The space between the stars is not 
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utterly void of matter, but is occupied by a thm cloud 
of gas of a tenuity which is gencially almost beyond 
description Here and there this cloud may be denser 
than usual , here and there again it may be liglitt'd up 
and made to incandesce by the radiation of the stars 
within it. In other places it may be entirely opaque 
to light, lying like a black curtain across the sky. The 
variations of density, opacity and luminosity iii com- 
bination produce all the fantastic shapes and varied 
degrees of light and shade we see in the galactic 
nebulae. 


This same opacity is responsible for the dark patches 
which occur in the general arrangement of the stars. 
A conspicuous example occurs in the part of the Milky 
Way shewn in Plate I (p 23). The dark patch, which 
looks at first hke a hole in the system of stars, is 
graphically described as “The Coal Sack.” These black 
patches in the sky cannot represent actual holes, be- 
cause it IS inconceivable that there should be so many 
empty tunnels through the stars all pointing exactly 
earthward, so that we are compelled to interpret them 
as veils of obscuring matter which dim or extinguish 
the light of the stars behind them 


extra-galactic nebulae. The third class of 
neb^a is of an altogether different nature. Its members 
are for the most part of definite and regular shape, and 
shew various other characteristics which make them 
easy of identification They used to be called “white 
nebulae from the quality of the light they emitted, 
mo r ti, ^ giant 6-foot telescope revealed that 

Spiral structuTc, these were called 
most conspicuous of all the spiral 

shewn m^Pl -M 31 m Andromeda, 

n Plate IV, which is just, and only just, visible 
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to the naked eye Manus, observing it telescopically 
in 1612, described it as looking “like a candle-light 
seen through horn ” Plate V shews a second example, 
probably of very similar structure, which is viewed 
from another angle, so as to appear almost exactly 
edge-on 

It IS now abundantly proved that nebulae of this 
type all he outside the galactic system, so that the 
term “extra-galactic nebulae” adequately describes 
them. Their size is colossal. Either of the photographs 
shewn in Plates IV and V would have to be enlarged 
to the size of the whole of Europe before a body of the 
size of the earth became visible in it, even under a 
powerful microscope Their general shape is similar 
to that which Sir William Herschel assigned to the 
galactic system, and it was this that originally led 
him to regard them as “island uiiiveises” similar to 
the galactic system We shall see later how far his 
conjecture has been confirmed by recent research. 

THE DISTANCES OP THE STARS 

The year 1838 provides our next landmark, it is the 
year in which the distance of a star was first measured. 

In the second century after Christ, Ptolemy had 
argued that if the earth moved in space, its position 
relative to the surrounding stars must continually 
change As the earth swung round the sun, its in- 
habitants would be in the position of a child in a swing. 
And, just as the swinging child sees the nearer trees, 
persons and houses oscillating rhythmically against a 
remote background of distant lulls and clouds, so the 
inhabitants of the earth ought to see the nearer stars 
continually changing their position against their back- 
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ground of more distant stars Yet night after night the 
constellations remained the same, or so Ptolemy aigucd ; 
the same stars circled eternally m the same i dative 
positions around the pole, and conspicuous gioups of 
stars such as the seven stars of the Gicat Bear, the 
Pleiades or the constellation of Orion shewed no signs 
of change For aught the unaided human eye could 
tell, the stars might be spots of luminous pamt on a 
canvas background, with the earth as the unmoving 
pivot around which the whole structure swung 

In opposition to this, the Copcrmcan theoiy of 
course required that the nearer stars should be seen to 
move against the background of the more distant stais, 
as the earth performed its yearly journey round the 
sun Yet year after year, and even century aftei cen- 
tury, passed without any such motion being detected.* 
The old Ptolemaic contention that the earth formed 
the fixed centre of the universe might almost have 
regained its former position, had it not been that 
various lines of evidence had begun to shew that even, 
the nearest stars were necessarily very distant, so 
distant, indeed, that their apparent want of motion 
need cause no surprise The child in a swing cannot 
expect to have optical evidence of its motion if the 
nearest object it can see is twenty miles away. 

Very few stars appear brighter than Saturn at its 
brightest, it looks about as bright as Altair, liic 
eleventh brightest star in the sky Yet Saturn shines 
only by the light it reflects from the sun, and its 
distance from the sun is such that it receives only 
about one part in 2500 million of the total light (mutted 
by the sun And,, as the surface of Saturn only rellectH 
back about two-fifths of the light it recc^i ves, it foll()Wf> 
that Saturn shines with only a 6000 millionth part of 
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the light of the sun If, as Kepler and others had main- 
tained, Altair was essentially similar to the sun, it would 
probably be of about the same candle-power as the 
sun, and so would give out about 6000 million times 
as much light as Saturn The fact that Altair and 
Saturn appear about equally bright in the sky can 
only mean that Altair is 80,000 times as distant as 
Saturn* This argument is essentially identical with 
one which Newton gave in his System of the World 
to shew that even the brightest stars, such as Altair, 
must be very distant indeed 

And such has proved to be the case All efforts to 
discover the apparent swinging motion of the stars — 
^‘parallactic motion,” as it is technically called which 
results from the earth’s orbital motion failed until 
1838, when three astronomers, Bessel, Henderson, and 
Struve, almost simultaneously detected the parallactic 
motions of the three stars, 61 Cygni, a Centauri and 
a Lyrae respectively The amount of their parallactic 
motion made it possible to calculate the distances of 
the stars, so that the inhabitants of the earth were not 
only placed in possession of definite ocular proof that 
they were swinging round the sun, but from the visible 
effects of this swing they were able to compute the 
distances of the nearer stars The calculated values 
were not accurate when judged by modern standards, 
but they provided the first definite estimates of the 
scale on which the universe is built 

Let us pause for a minute to consider how this scale 
is built up The first step is to select a convenient base- 
line a few miles in length on the surface of the earth. 


* For the apparent brightness of an object falls off as the inverse 
square of its distance, and the square of 80,000 is appro^mately 
equal to 6000 million 
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and to measure this in toinis of stand.ud varcis or 
metres Starting out from tins linse-Iino, a gcndita 
survey maps out a long nairo%v strip ot Ihr oaith's 
surface, preferably running dm* north and south Tin* 
difference of latitude at the two ends is tlusi imsisitrod 
by astronomical methods, as foi instance by noticing 
the difference m the altitude of the pole star at tin 
two places As the length of the st rip is ah (sids know n 
in miles, this immediately gives tlu' dinumsions ol Ihr 
earth According to Hayford (lt)()S)), t he cart h’s < ipm- 
tonal radius is 6378 388 kilometres, or 3!Ki:{ 31. miles. 
Its polar radius being 635G-90t) kilometres oi -JP 

miles 

The next step is to determine the sn-;!' of the solar 
system m terms of that of the earth. ^Vhmi tlie sun 
IS eclipsed by the moon, the time at which the moon 
ftrst bepns to cover the sun’s disc is diffenml for 
ifferent stations on the earth’.s siirfma-, and tin- 
erye ifferences of time enable ns to measure the 

known distances on the 

milTT 1 kilometres or 233,8.17 

acroL the ^ay the transit of th(« plumi \'eniis 

determimno.Th°^ provides an oppoi t nnif \ f< ir 

of thHm * 

92 870 0^Jmi 149,450,000 kiloniefri.s. or 

step Xch the v? -.? 

usmg the dSnete^nf^S is that of 



step, from the standard yar<l or metn. to 
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the measured hase-lme on the earth’s surface, involves 
an increase of several thousand-fold in length The 
increase involved in the next step, from the base-line 
to the earth’s diameter, is again one of thousands. 
And again the next step, from the diameter of the 
earth to that of the earth’s orbit, involves an increase 
of thousands But the last step of all, from the earth’s 
orbit to stellar distances, involves a million-fold in- 
crease 

Recent measurements shew that the nearest stars are 
at almost exactly a million times the distances of the 
nearest planets At its nearest approach to the earth, 
Venus is 26 million miles distant, while the nearest 
star, Proxima Centauri, is 25,000,000 million miles 
away, this latter star is a faint companion of the well- 
known bright star a Centauri in the southern hemi- 
sphere. The distances of the planets when at their 
nearest, and of the nearest stars, are shewn in the 
following table 


Planets 

Stabs 

Name 

Distance 

Name 

Distance 

Distance 

(miles) 

(miles) 

(light-years) 

Venus 

2G, 000, 000 

J Proxima Centauri 
\a Centauri 

25,000,000 million 

4 27 

4 31 

Mars 

35,000,000 

Munich 15040 

36,000,000 „ 

6 06 


fWolf 359 

47,000,000 „ 

8 07 

Mercury 

47,000,000 

i Lalande 21185 

49,000,000 „ 

8 33 

(Sinus 

51,000,000 „ 

8 65 


As it IS almost impossible to visualise a million, the 
mere statement that the stars are a million times as 
remote as the planets gives only a feeble indication of 
the immensity of the gap that divides the solar system 
from its nearest neighbours in space Perhaps the 
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apparent fixity of the stars gives a more vivid impres- 
sion 

The earth performs its yearly journey round the sun 
at a speed of about 18|- miles a second, which is about 
1200 tunes the speed of an express train The sun moves 
through the stars at nearly the same rate — ^to be 
precise, at about 800 times the speed of an express 
tram And, broadly speaking, the nearer planets and 
the majority of the stars move with similar speeds. 
We shall not obtain a bad approximation to the truth 
if we imagme that all astronomical bodies move with 
exactly equal speeds, let us say, to fix our thoughts, 
a speed equal to 1000 times the speed of an express 
tram The distances of astronomical objects are now 
betrayed by the speed with which they appear to move 
across the sky — ^the slower their apparent motion the 
greater their distances, and vice versa Now the 
planets move across the sky so rapidly that it is quite 
easy to detect their motion from night to night and 
even from hour to hour, the stars move so slowly that, 
except with telescopic aid, no motion can be detected 
mom generation to generation, or even from age to age. 
£ven the conspicuous constellations in the sky, which 
on the whole are formed of the nearer stars, have re- 
tmned their present appearance throughout the whole 
^ times The contrast between the planets 

which change their positions every hour, and the stars 
Which fail to shew any appreciable change in a century, 
gives a vivid impression of the extent to which the 
stars are more distant than the planets. 

tan!« difficult to visualise the actual dis- 

SSem l statement that even the nearest 

a^di^t 25,000,000 million miles away hardly conveys 
a defimte picture to the mind, but we may fire bettL 
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witli the alternative statement that the distance is jl 

4 27 light-years — ^that is to say the distance that light, |j 

travelling at 186,000 miles a second, takes in 4 27 years ' j 

to traverse. 

Light travels with the same speed as wireless signals 
because both are waves of electric disturbance. In- 
cidentally this speed is ]ust about a million times ' 

that of sound The enormous disparity m the speeds of 
sound and of electric waves is vividly brought out in 
the ordinary process of broadcasting When a speaker 
broadcasts from London his voice takes longer to 
travel 3 feel from his mouth to the microphone as a 
sound wave, than it does to travel a further 560 miles to 
Berlin or Milan as an electric wave Wireless listeners 
in Australia hear the music of a broadcast conceit 
sooner than an ordinary listener at the back of the 
concert hall who relies on sound alone, they hear it 
a fifteenth of a second after it is played Yet light, or 
wireless waves travelling with the same speed as light, 
takes 4 27 years to reach the nearest star, so that the 
inhabitants of Pioxima Ccntauri would be over four 
and a quarter years late in hearing a tericstrial concert. 

And in time we shall have to consider other and even i ' 

more distant stars which terrestrial music would not 

yet have reached had it started on its journey before 

the Norman Conquest, before the Pyramids were built, j 

even before man appeared on earth i 

l' 

I 

THE PHOTOGRAPHIC EPOCH i 

If "we were only allowed to select one more landmark m | 

the progress of astronomy, we might well choose the j 

application of photography to astronomy in the closing » 

years of the nineteenth century, this opened the flood- \ 
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gates of progress more thoroughly than anything else 
had done since the invention of the telescope Hitherto 
the telescope, after collecting and bending rays of 
light from the sky, had projected the concentiated 
beam of light through the pupil of the human eye on 
to the retina, m future it was to project it on to tlie 
incomparably more sensitive photographic platt' The 
eye can retain an impression only for a fraction of a 
second, the photographic plate adds up all the impres- 
sions it receives for hours or even days, and records 
them practically for ever The eye can only nu'asure 
distances between astronomical objects by the help 
of an intricate machinery of cross-win's, sciews ami 
verniers , the photographic plate records distances auto- 
matically. The eye, betrayed by preconccivi'd ideas, 
impatience or hope, can and does make every con- 
ceivable type of error, the camera cannot he. 

And so it comes about that if wc try to pick out 
landmarks in twentieth-century astronomy we find 
that, in a sense, it consists of nothing but landmarks; 
the slow, arduous methods of conquest of the ninetc'enth 
century have given place to a sort of gold-rush in 
which claims are staked out, the surface scratched, tin* 
more conspicuous nuggets collected, and the I'xcava- 
tion abandoned for something more promising, all 
with such rapidity that any attempt to desenhe the 
position IS out of date almost before it can be printed. 
We can only attempt a general impression of the new 
territory, and with this will be inextricably mixetl a 
discussion of old territory seen m the light of new 
knowledge 
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GROUPS OF STARS AND BINARY SYSTEMS 

A glance at the sky, or, better, at a photograph of 
a fragment of the sky, suggests that, in the main, 
the stars are scattered at random over the sky, 
except for the concentration of faint stars in and 
towards the Milky Way, which we have already con- 
sidered Any small bit of the sky does not look very 
different from what it would if bright and faint stars 
had been sprinkled haphazard out of a celestial 
pepperpot 

Yet this IS not quite the whole story Here and 
there groups of conspicuous stars are to be seen, 
which can hardly have come together purely by acci- 
dent Orion’s belt, the Pleiades, Beremce’s hair, even 
the Great Bear itself, do not look like accidents, and 
in point of fact are not. It is the existence of these 
natural groups of stars that lies at the root of, and 
justifies, the division of the stars into constellations 
We shall explain later how the physical properties of 
the stars are studied, for the present it is enough to 
remark that physical study confirms the suspicion that 
groups such as those just mentioned are, generally 
speaking, true families, and not mere accidental con- 
courses, of stars. The stars of any one group, such as 
the Pleiades, not only shew the same physical pro- 
perties, but also have identical motions through space, 
thus journeying perpetually through the sky in one 
another’s society As such a group of stars are both 
physically similar, and travel in company, they might 
appropriately be described as a family of stars. The 
astronomer, however, prefers to call them a moving 
cluster ” 

These families are of almost all sizes, the smallest 
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and commonest type consistnifTf of <)ul\ 

After this the next comiuoiu‘st type (*< insists e>t thire 
members, our nearest thrcH^ lun^hbours in 
Proxima Centauri and the two stms of a Contiiuri, 
form such a triple system Then annv svsf eins oi hnir, 
five and six mcmbeis, and so on UKlt‘inutt‘l\ . 

Let us first turn oui attention lo lainihes t»onsiNtiii|^^ 
of only two members — ‘"^binaiy systcans,’* as the\ aii‘ 
generally called Even if the stars liad btnm sprinkli d 
on to the sky at random out of a pt‘ppcrpol, tlu^ 
of chance would require that m a (an (am nuinluT 
cases, pairs of stars should appeal veiy elost* (o^i^ther. 
And a study of a photograph of any star-ht Id slu»ws 
that a large number of such close pairs acdualh exist . 
The number is, however, greater than <*au be t‘\plaiiH d 
by the laws of chance alone Some pans of stais mav 
be close together by accident, but a physical euuise is 
needed to account for the reinaindcT \V<‘ ean unia^ 1 1 
the mystery by photographing tlu‘ lield at intervals uf 
a few years and comparing th(‘ various rt^snlts oh- 
tamed Some of the stars which ongmallv appc'nieti 
as close pairs will be found to move .stea<lily apart* 
These are the pairs of stars which, although liny 
appeared close together in the sky, wvrv lud, so lit 
space, one star merely happened to be almost c*xaet!\ in 
line with the other as seen from the eaith Otluw piur^ 
do not break up with the passage of time; the 
components change their relative positions hut nv\**r 
become completely separated. In the simplest <»asi* 
all one star may be found to describe an approxnnat <dy 
circular orbit about the other, just as the <*arlh <loos 
round the sun, and the moon round the <‘aiih, iiml 

for precisely the same reason gravitation kvens tlieim 
together 
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THE LAW OF GRAVITATION. Drop a crickct ball 
from your hand and it falls to the ground We say 
that the cause of its fall is the gravitational pull of 
the earth. In the same way, a cricket ball thrown 
into the air does not move on for ever in the 
direction in which it is thrown; if it did it would 
leave the earth for good, and voyage off into space. 
It is saved from this fate by the earth’s gravitational 
pull which drags it gradually down, so that it falls 
back to earth The faster we throw it, the further 
it travels before this occurs; a similar ball projected 
from a gun would travel for many miles before being 
pulled back to earth. 



The law governing all these phenomena is quite 
simple It IS that the earth’s gravitational pull causes 
all bodies to fall 16 feet earthward in a second This 
IS true of all bodies which arc free to fall, no matter 
how they are moving; every body which is not in 
some way held up against gravitation is 16 feet lower 
at the end of any second than it would have been if 
gravitation had not acted through that second 

To illustrate what this means, let the big circular 
curve B'A'C in fig. 2 represent the earth’s surface, and 
imagme that a shot is fired horizontally from A, the 
top of an elevation AA'. If the shot were not pulled 
earthwards by gravitation, it would travel indefinitely 



4:2 The Universe Around Us 

along the line AB out into space. If .^1 5 is the distance 
it would travel m a second under these imaginary 
conditions, the end of a second’s actual flight does not 
find it at -B, but at a point 16 feet nearer the earth, 
gravitation having pulled it down this 16 feet during 
its flight For instance, if BB' in fig 2 should happen 
to be 16 feet, the shot would strike the earth at 
after a flight of precisely one second, 

[C^As another example, let us suppose that the 16-foot 
fall below B does not drag the shot down to earth bxit 
only to a point 6, which is at precisely the same height 
above the earth’s surface as the point A B>t which the 
shot started If gravitation were not acting, so that 
the shot travelled along the line AB, its height above 
the earth would continually increase Actually in tlie 
case we are now considering, gravitation pulls the 
shot down at ]ust such a rate as to neutralise the in- 
crease of height which would otherwise occur, so that 
the height of the shot neither increases nor decreases ; 
it neither flies off into space nor drops to earth, bxit 
continues to describe circles round the earth in- 
definitely. 

A simple geometrical calculation shews that for tiie 
distance Bl to be 16 feet, the distance AB travelled in 
one second must be 25,880 feet or 4 90 miles*. Thus 
if we could fire a shot horizontally with a speed of 
4 90 miles a second, it would describe endless circles 
round the earth, the earth’s gravitational pull exactly 
neutralising the natural tendency of the shot to fly 
away along the straight line AB 

In 1665 Newton began to suspect that this same 
gravitational pull might be the cause of the moon 

of the earth, and bCD the diameter throii^I xb, 

Then BA^ =^Bb xBD, where Bb =16 feet, and BI), which is 10 Xcet 
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describing a circular orbit around the earth instead of 
running away at a tangent into space The moon’s 
distance from the earth’s centre is 238,857 miles, or 
60 27 times the radius of the earth As the moon 
deseribes a circle of this size every month (27 days, 

4 hours, 43 minutes, 11 5 seconds), we can calculate 
that its speed m its orbit is 2287 miles an hour After 
one second it will have travelled 3350 feet, and if it 
kept to a strictly rectilinear course this would carry it 
0 0044 feet further away from the earth Thus, to keep 
in an exact circular orbit around the earth, it must 
fall 0 0044 feet m a second This is far less than a body 
falls m a second at the earth’s surface, but Newton 
conjectured that the force of gravity must weaken as 
we recede from the earth’s surface Actually a body 
at the earth’s surface falls 3632 times as fast as the 
moon’s earthward fall in its orbit Now 3632 is the 
square of 60 27 (or 3632 = 60 27 x 60 27), whence 
Newton saw that the moon’s fall would be of exactly 
the right amount if the force of gravity fell off as the 

more than the earth’s diameter = 41,900,000 feet From this we 



diameter 



44 The Universe Around Us 

inverse square of the distance — ^tlial is to say, if it 
decreased just as rapidly as the square of the distance 
increased As we shall see later, astionomical obser- 
vation confirms the truth of this law in innumerable 
ways This led Newton to put foiward his famous 
law of gravitation according to which the gravitational 
pull of any body, such as the eaith, falls off inversely 
as the square of the distance from the body. 

Professor C V Boys and others have measured the 
gravitational pull which a few tons of lead exert in 
the laboratory, and, with this knowledge, it is easy to 
calculate how many tons the earth must contain so 
as to exert its observed gravitational pull on bodies 
outside it It IS found that the earth’s weight must be 
just under six thousand million million million tons’", 
or, as we shall write it, 6 x tonsf. 

Just as the earth’s gravitational pull keeps the 
moon perpetually describmg ciicles aiound it, so the 
sun’s gravitational pull keeps the eaith and all the 
other planets describing circles around the sun Know- 
ing the distance of any planet from the sun, and also 
Its speed m its orbit, we can calculate the distance this 
planet falls towards the sun in a second This tells ns 
the amount of the sun’s gravitational pull, and from 
this we can calculate that the sun’s weight must be 


nf*o t^ougtout the book, we use the French or nictuc Ion 

of bre^Tm '“ the mtcrests 

a milhon mihon is 10*“ fnd numbers A million is 10“, 

oTri!! The 

Thus 0 xl0-« stands 


expression iQ-^i is written for and so on 
II ooo.ooo ” “ 000006 
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about 332,000 times the weight of the earth, or almost 
exactly 2 x lO^*^ tons Whichever of the planets we 
use, we obtain exactly the same weight for the sun. 
This not only gives us confidence in our result, but 
incidentally it also provides striking confirmation of 
the truth of Newton’s law of gravitation, for if this 
law were inexact or untrue, the dijfferent planets would 
not all tell exactly the same story as to the sun’s 
weight Einstein has recently shewn that the law is 
not absolutely exact, but the amount of inexactness is 
inappreciable except for the nearest planet, Mercury, 
and even here it is so exceedingly small that we need 
not trouble about it for our present purpose. 

Just as we can weigh the sun and earth by studying 
the motion of a body gripped by their gravitational 
pull — or “in their gravitational fields,” as the mathe- 
matician would say — so we can weigh any other body 
which keeps a second small body moving round it by 
its gravitational attraction The motions of Jupiter’s 
satellites make it possible to weigh Jupiter, its weight 
is found to be about 1 92 x 10^^ tons, which is 31T 
times that of the earth, although only of 

the sun Similarly the weight of Saturn is found to be 
5 71 X 10^3 tons or about 94 9 times that of the earth. 

WEIGHING THE STARS And now we come to a 
striking application of the principles ]ust explained 
when we observe two stars in the sky describing orbits 
about one another, we can weigh the stars from a 
study of their orbits Generally the problem is not qmte 
so simple as those we have just discussed For its 
adequate treatment, we must once again levy toll on 
the mathematical work of Newton. 

We have seen that a projectile fired horizontally 
with a speed of 4 90 miles a second, would describe 
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endless circles round the earth What would happen 
if it were fired in some other direction and with some 
other speed‘s 

The answer was provided by Newton He shewed 
that when a small body is allowed to move freely under 
the grantational pull of a big body, it will run away 
altogether if its speed exceeds a certain critical amount , 
m which ease its orbit is the curve called a hyperbola 
But if its speed is less than this critical amount, its 
orbit will always bean ellipse — a sort of pulled out circle 
or oval curve* (fig 4, p 47) Previous to this Kepler had 
found that the actual paths of the planets round the 
sun were not exact circles but ellipses, although for the 
most part ellipses which did not differ greatly from 
circles, they are what the mathematician calls “ellipses 
of small eccentricity ” This provides still further con- 
firmation of Newton’s law of gravitation, for it can be 
proved that if the force of gravitation falls off in any 


Ite moves in such a way that the sum of 

same ^ remains always Ihe 

same In practice we can most easily draw an elhose bv slmnimr 

letnTT Stretch the stnng tight with a pencil at P. and on 
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way other than according to Newton’s law of the in- 
verse square of the distance, the orbits of the planets 
will not be elliptical 

When the astronomer studies the motions of a 
bmary star m the sky, he generally finds that the two 
components do not move in circles about one another 
but in ellipses* Once again, Newton’s law is confirmed, 
and we are entitled to assume that the forces which 
keep binary stars together are the same gravitational 



Fig 4 The oval curve is an ellipse, the points S, T are its “foci ” 

forces as keep the moon from running away from the 
earth, or the planets from the sun By a study of these 
ellipses It becomes possible to weigh the stars If one 
of the component masses were enormously heavier 
than the other, the former would stand still while the 
lighter component described an ellipse around it, the 
motion being essentially similar to that of a planet 
around the sun Such cases are not observed in actual 
binary stars because the two components are generally 
comparable in weight, and this brings new complica- 
tions into the question There is no need to enter into 

* What he actually observes is the “projection” of the orbit on 
the sky, but it is a well-known theorem of geometry that the pro- 
] action of an ellipse is always an ellipse 
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mathematical details here Suffice it to say that 
neither star stands still, the two components describe 
ellipses of different sizes, and from a study of these 
two ellipses the weights of both the components can be 
determined 

The following table shews the result of weighing the 
four binary systems nearest the sun m this way, the 
sun’s weight being taken as unity 

Stellar Weights 


Binary systems near the sun. 


Star 

Distance in 
light years 
from the sun 

Weights of com- 
ponents in terms 
of sun’s weight 

Luminosity 
(see p 49) 

j 

'a Centauxi A 

4 31 

1 14 

1 12 

1 

.. B 


0 97 

0 32 

j 

Sinus A 

8 65 

2 45 

26 3 

1 

L » B 


0 85 

0 0026 

J 

fProcyon A 

10 5 

1 24 

55 

1 

B 


0 39 

0 00003 

J 

r Kruger 60 A 

12 7 

0 25 

0 0026 

1 

L .. B 


0 20 

0 0007 


We see that the weights of these stars do not differ 
greatly from that of the sun, although naturally the 
whole of space provides a greater range than the four 
stars of our table which happen to be near the sun^ 
But even in the whole of space, no star whose weight 
is known with any accuracy has a weight less than 
Kruger 60 B, although at the other end of the scale 
there are many stars with far greater weights than 
any in our table Of stars whose weights are known 
with fair accuracy, the star H D 1337 (Pearce’s star) 
IS the weightiest, its two components being respectively 
36 3 and 33 8 times as heavy as the sun. Plaskett’s 
star B B 6^ 1309 is certainly heavier still, its com- 
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ponents weighing at least 75 and 63 times as much as 
the sun, and probably more; the exact weights are not 
known (see p 55 below). The system 27 Cams Ma3ons 
consists of four stars, whose combined weight, according 
to the evidence at present available, appears to be at 
least 940 times that of the sun, but we may properly 
exercise a certain amount of caution before accepting 
a figure so far outside the usual run of stellar weights 

The average constituent star m the above very 
short table has 0 94 times the weight of the sun, so 
that our sun appears to be of rather more than average 
weight, and this is confirmed by a more extensive 
study of stellar weights. 

We might have expected a pnon that the stars would 
prove to have all sorts of weights, for there is no 
obvious reason why stars should not exist with weights 
millions of times that of the sun, or again with weights 
only equal to that of the earth or less Actually we find 
that the weights of the stars are mostly fairly equal, 
very few stars having weights greatly dissimilar from 
that of the sun This seems to indicate that a star is 
a definite species of astronomical product, not a mere 
random chunk of luminous matter 

LUMINOSITY The last column of the table on p 48 
gives the “ luminosities ” of the stars, which means their 
candle-power as lights, that of the sun being taken as 
unity For instance the entry of 26*3 for Sinus means 
that Sinus, regarded as a lighthouse in space, has 26 8 
times the candle-power of the sun The luminosities of 
the stars shew an enormously greater range than their 
weights In a general way the heaviest stars are found 
to be the most luminous, as we should naturally expect, 
but their luminosity is out of all proportion to their 
weight. The heavier component of Sinus has only 2 9 
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times the weight of the lighter component, but 10,000 
times its luminosity Again, m the system of l^rocyon 
the heavier component has 3 2 times the weight, but 
180,000 times the luminosity, of the lighter component. 
It appears to be an almost universal law that the 
candle-power per ton is far greater m heavy stars 
than in light This is one of the central and, at first 
sight, one of the most perplexing facts of physical 
astronomy it is so fundamental and so pervading that 
no view of stellar mechanism can be accepted which 
fails to explain it 

SPECTROSCOPIC VELOCITIES When a Star’s dis- 
tance IS known, its motion across the sky tells us its 
speed in a direction at right angles to the line along 
which we look at it — ^i e across the line of sight — but 
provides no means of discovering its speed along this 
line We cannot see the motion of a body which is 
coming straight towards us, and a star moving at a 
million miles a second in a direction exactly along the 
line of sight would yet appear to be standing still in 
the sky To evaluate velocities along the line of sight, 
the astronomer calls m the aid of the spectroscope. 

All light is a blend of lights of different colours, and 
pst as Newton, with his famous prism, analysed sun- 
ight into all the colours of the rainbow, so the spcctio- 
scope analyses the light from a star, or indeed fioni 
any source whatever, into its various constituent 
colours The instrument spreads out the analysed 
ig into a strip of light of continuously graduated 
colour, which IS described as a ‘‘ spectrum ” In this the 
CO ours are the same, and are found to be arranged in 
tne same order, as in the rainbow, running from violet 
though green and orange to red There is a physical 
reason for this We shall see later (p 114) that light 
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consists of trains of waves — ^like the ripples which the 
wind blows up on a pond — ^and that the different 
colours of light result from waves of different lengths, 
red light being produced by the longest waves, and 
violet light by the shortest The colours m the spec- 
trum occur in the order of their wave-lengths, from 
the longest (red) to the shortest (violet) In the typical 
stellar spectrum certain short ranges of colour or 
wave-length are generally missing, for reasons we 
shall discuss later (p 126), so that the spectrum 
appears to be crossed by a number of dark lines or 
bands, thus forming a pattern rather than a continuous 
gradation of colours Examples of stellar spectra are 
shewn in Plate VIII. 

It IS frequently convenient to classify stais by the 
type of spectra they emit It is now known that a star’s 
spectrum depends primarily upon the temperature of 
its surface. As a consequence, stellar spectra can, in 
the main, be arranged in a single continuous sequence, 
and their usual classification is by a sequence of letters, 
0, jB, Ff G, K, M with decimal subdivisions, the 
temperature falling as wc pass along the sequence, so 
that 0-typc stars have the highest suifacc tempera- 
tures and M-type stars the lowest. Spectral types arc 
indicated on the left m Plate VIIL 

When the light received from a star is analysed in 
a spectroscope, the pattern of lines oi bands may be 
found to be shifted bodily in one diicction or the other. 
If the shift is towards the red end 6f the spectrum, the 
light emitted by the star is reaching us in a redder 
state than that in which it ought normally to be, and 
as red light has the longest wave-length, this means 
that every wave of light is longer — more drawn out — 
than normal. We conclude that the star is receding 
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from us. In the same way, if the spectral pattern is 
shifted toward the violet end of the spectrum, we know 
that the star must be approaching us The shift of a 
spectrum resulting from the motion of the body which 
emits it is generally described as the “ Doppler Effect 
From its amount we can calculate a star's actual speed 
along the line of sight, and the calculation is surprisingly 
simple If each line or band in a spectium is found to 
represent a wave-length a hundredth of one per cent, 
longer than that usually assoeiated with it, then the 
star’s speed of recession is a hundredth of one per cent, 
of the velocity of light, or 18 6 miles a second — ^and 
similarly for all other displacements. 

specthoscopic binaries. As the two com- 
ponents of a binary system are generally moving with 
different speeds, the normal spectrum of a binary 
system consists of two distinct superposed spectra, the 
two spectra shewing different shifts which correspond 
to the speeds of the two components. From the observed 
orbits of the two components of a binary system, an 
astronomer might proceed to calculate with what speeds 
these components would move in the direction of the 
line of sight, and could then predict to what extent 
the two spectra ought to be displaced if the light from 
the system were analysed in a spectroscope , the spectro- 
scope would of course confirm his prediction. 

It IS more instructive to imagine the reverse process, 
uppose that on analysing the light from a star, the 
astronomer obtains a composite spectrum in which 
two distinct spectra shift rhythmically backwards and 
forwards about their normal position. The fact that 
there are two spectra teUs him that he is dealing with 
a binary system, if the rhythmic shift repeats itself 
every wo years, he knows that its orbit takes two 
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years to complete He studies the star by direct vision 
and finds it is a binary system in which the constituents 
revolve about one another every two years 

He examines another spectrum, and finds that it 
shifts rhythmically every two days. On looking directly 
at this star he can only see a single point of light. 
There must, of course, be two stars, but the mere fact 
that they get around one another in so short a time 
as two days proves that they must be very close to one 
another, and he need feel no 
surprise that his telescope has 
failed to separate the image 
mto two distinct points of light. 

Systems of this kind, which the 
spectroscope shews to be bi- 
nary, but the telescope usually 
shews as a single point of light, ■ 
are called “spectroscopic bi- 
naries ” Over a thousand such 
systems are known 
If the astronomer tries to 
construct the orbit of such a 
system from the spectroscopic 
observations alone, he finds 

himself in difficulties His ob' „ .. 

servations only tell him the CE. 

velocities along the line of 

sight, and these depend both on the actual speed and 
on the degree of foreshortening, the same velocity may 
arise either from a big orbit in a plane nearly at right 
angles to the line of sight, or from a much foreshortened 
little orbit It IS impossible to calculate the actual 
orbit or the weights of the stars from spectroscopic 
observation alone 





Fig 5 The little orbit AA' 
and the big orbit iJB' give 
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ECLIPSING BINARIES There IS one exception 
Suppose that a star’s light is seen to diminish in amount 
at regular intervals and subsequently to return to its 
original strength The obvious interpretation of the 
diminution of light is that one component of the system 
IS eclipsing the other, and this can only happen if the 
orbit is so completely foreshortened that its plane 
passes through, or at least very close to, the earth. In 

Sun O 



y6’Aurigae 


H D1337 

Fig 6 Components and orbits of Eclipsing Binaries 

such a case it is possible to reconstruct the whole orbit, 
and thence to calculate the weights of the two com- 
ponents. Not only so, but the length of time during 
which the eclipses last tells us the actual sizes of the 
two components, so that it is possible to draw a complete 
picture of the system Diagrams of the dimensions and 
orbits of two typical eclipsing binaries are shewn m 
fig 6, these are drawn to the same scale, this being 
indicated by the small circle representing the sun. 

When no eclipse occurs in a spectroscopic binary, 
we do not know how much foreshortening to allow for, 
ut we can obtain a general idea of the weights of the 
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components by assuming an average degree of fore- 
shortening If we assume different degrees of fore- 
shortening in turn, we shall find that the computed 
"Weights come out least when the plane of the orbit 
IS assumed to pass through the earth i e when the 
orbits are computed as though the system were an 
eclipsing one Thus although we cannot discover the 
actual weights of the components of a non-eclipsmg 
binary, we can always state limits above which they 
must he, namely the weights computed as though the 
system were an eclipsing one In this way, we know 
that the two components of Plaskett s star must have 
more than 75 and 63 times the weight of the sun 


YAE.IABLE STARS 

The majority of stars shine with a perfectly steady 
light, so that we can say that a star is of so 
candle-power The sun, for instance, emits a light of 
3 23 X lO**’ candle-power. 

Yet there are classes of exceptional stars in whicn 
the light flickers up and down. In some, as in the 
eclipsing binaries just described, the light-fluctuations 
are quite regular, repeating themselves with such 
precision that the stars might well be used as time- 
keepers In others the fluctuations, though not per- 
Lly regular, are nearly so, while still others exist m 
■which the fluctuations appear at present to be com- 
pletely irregular, although no doubt the changes m 
?hese will be reduced to law and order m due course 
For otir present discussion, the various types of irregular 
xrflTifibles are not of great importance 

CPPHBXP VABI JnES The really interesting stars 

arethoseofacertain class of regular variable, generally 
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called ‘Tepheid variables/’ after their prototype 8 
Cephei The physical nature of these stars and the 
mechanism of their light-fluctuation is still far from 
being understood, competing theories are in the field 
which we need not discuss at this stage (see p. 223 
below) 

Whatever their mechanism may be, observation 
shews that these stars possess a certain definite pro- 
perty, which proves to be of the utmost value. This 
being so, we may accept it gratefully without troubling 
as to its why and wherefore The perfectly regular light 
fluctuations of the eclipsing binaries would make them 
suitable for time-keepers even though we did not un- 
derstand the mechanlsm^ behind these fluctuations. 
In the same way the fluctuations of Cepheid variables 
have a quality which makes them valuable as mea- 
suring-rods with which to survey the distant parts of 
the universe In brief, this property is that we can 
deduce the intrinsic brightness of these stars, and so 
their distances, from their observed hght-fluctuations. 

The light-fluctuations are so distinctive as to make 
the stars easy of detection. There is a rapid increase of 
light, followed by a slow gradual decline; then again, 
the same lapid increase and slow decline as before- 
It IS as though someone were throwing armfuls of 
fuel on to a bonfire at perfectly regular intervals. 

One other class of variable stars, generally known as 
‘"long-period variables,” shews somewhat similar light -- 
fluctuations, but the two classes are easily distinguished, 
by their very different periods of light-fluctuation The 
Cepheid variable completes its^cycle in a time whichi 
may be a few hours, or may be days or weeks, but is 
never more than about a month, whereas the long- 
period variable generally requires about a year. 
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Fig 7 shews the light-curves of typical variable stars 
of the different classes In each diagram the progress 
of time is represented by motion across the page from 
left to right, the higher the fluctuating curve is above 
the horizontal line at any instant, the brighter the 
star at that instant. 

Out near the boundary of the galactic system is a 
cluster of stars known as the Lesser Magellanic Cloud 
(Plate XXI, p 214), in which Cepheid variables occur 
in great profusion In 1912, Miss Leavitt of Harvard 
found that the light of the brighter Cepheids in this 
cloud fluctuated more slowly than the light of the 
fainter ones Whatever was responsible for turning the 
stellar lights up and down, acted more rapidly for 
feeble than for brilliant lights The apparent bright- 
nesses of a number of Cepheids at varying distances 
would of course depend only m part on their intrinsic 
brightness or candle-power, but the stars m the Magel- 
lanic Cloud are all, nearly enough, at the same distance 
from the earth Thus differences in the apparent 
brightnesses of stars in this cloud must represent real 
differences of intrinsic brightness, and Miss Leavitt s 
discovery could be stated m the form that the period 
of hght-fluctuation of a Cepheid depended on its 
candle-power. Although this was only proved for the 
Cepheids in the Magellanic Cloud, it must be true for 
all Cepheids wherever they are, for it is inconceivable 
that we could make a star’s light fluctuate more slowly 
or more rapidly merely by altering its distance from 
us— by ourselves receding from it, m fact. 

Professor Hertzsprung of Leiden and Dr Shap ey, 
then of Mount Wilson Observatory, were T™ to 
seize upon the implications of this discovery If two 
Cepheids A, B m different parts of the sky are found 
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to fluctuate ■with equal rapidities, then their intrinsic 
candle-powers must he equal. Thus any difference in 
their apparent brightness must be traceable to a 
difference in their distances from us If A looks a 
hundred times as bright as B, then B must be at ten 
times the distance oi A. In the same way, a third 
Cepheid C may prove to be at ten times the distance 
of B. We now kno'w that C is a hundred times as 
remote as A. And if D can be found ten times as 
distant as C, we know that D is a thousand times as 
remote as A So we can go on constructing and ever 
extending our measuring-rod, there is no limit until 
we reach distances so great that even Cepheid vari- 
ables, which are exceptionally bright stars, fade into 
invisibility. 

So far we have only considered the comparative 
distances of Cepheids The absolute distances of many 
of the nearer Cepheids have, however, been determined 
by the parallactic method already explained— i.e. by 
measuring their apparent motion in the sky, resulting 
from the earth’s motion round the sun Taking any 
one of these stars as our original Cepheid A, we can 
step continually from one Cepheid to another, and so 
calculate the absolute distances of all the Cepheid 
variables in the sky. 

In ^-.b^s way the observed relation between tne 
period of fluctuation and the brightness of Cepheid 
variables — commonly known as the “ period-lumiimsity 
law”— can be made to provide a scale on wluch the 
absolute luminosity, or candle-power, of a Cepheid 
can be read off directly from the observed period of 
Its hght-fiuctuations The Cepheid variables may be 
regarded as lighthouses set up m distant parts ot the 
universe We can recognise them, ]ust as a sailor 
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recognises lighthouses, by the quality of their light. 
We can read off their candle-power from the period 
of their observed hght-fluctuations as easily as the 
sailor could read off the candle-power of a lighthouse 
from an Admiralty chart The apparent brightness of 
the Cepheid informs us as to its distance from us* 

It would be difficult to over-estimate the importance 
of all this to modern astronomical science It means 
that a method has been found for surveying, if not the 
whole of the universe, at least those parts of it in 
which Cepheid variables are visible Actually this last 
reservation is unimportant, for Cepheid variables are 
very freely scattered m space Naturally the method 
IS of most value for the exploration of the most distant 
parts of the universe, here it achieves triumphant 
success where other methods fail completely. The 
parallactic method begins to fail when we try to sound 
distances of more than about a hundred light-years. 
The apparent path m the sky, which a star at this 
distance describes, m consequence of the earth’s moti on 
round the sim, is of the size of a pin-head two miles 


1 Cepheids whose light Huctuates m a peiiod of 40 

and ^ luminosity 250 times that of the sun, 

a a period of ton days indicates 

5 17xlO»o*Jnd candle-power of 

observed tn ® distant astronomical object is 

S totuahnv* 1 ? r t’le quality of 

actual candle^L^r ^ Cepheid variable, we know thnt its 

observed to b^that “’^st Jie 5 17 xlO®" Its apparent brightness is 
ofteehmcSifaes*^* of a star of, say, magnitude 16, which, stripped 
a L.de we remve as much light from it as from 

one (Kindle and 5 17 difference belween 

difference betweeJ^ 57 n candles accordingly corresponds to the 
ques^n whire a.f the object in 

<hstan(»,’ we calculate that^rt inverse square of the 
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oK * no X to*" X 570 miles 

or about 220,000 hght-years 
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away With all their refinements, modern mstruments 
find it difficult enough to detect so small a motion 
as this, and it is practically impossible to measure it 
with accuracy The “period-lummosity” law measures 
the distances of objects up to a million light-years 
away, with a smaller percentage of error than is to 
be expected m the parallactic measures of stars only 
a hundred light-years away. 

SOUNDING SPACE 

This by no means exhausts the hst of modem methods 
of surveying space Any standard type of astronomical 
object, which is easily recogmsable and emits the 
same amount of light no matter where it occurs, 
provides an obvious means of measurmg astronomical 
distances, for when once the mtrmsic luminosity of 
such an object has been determined, the distance of 
every example of it can be estimated from its apparent 
brightness 

Cepheid variables of assigned penods provide the 
most striking instance of such standard objects, but 
three others are available, although they are not so 
generally useful as Cepheids First comes another 
type of variable star, the “long-period variables” 
already mentioned, which are generally similar to 
Cepheids except that their hght fluctuates much 
more slowly These stars are mtrmsically far more 
luminous even than Cepheids, many of them being 
10,000 times as luminous as the sun They are accord- 
ingly visible at enormous distances, and may ultimately 
be found to provide a means of sounding depths of 
space at which even Cepheids are lost to sight 

Next come “novae” or new stars. Every now and 
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then an ordinary star m the sky suddenly bursts 
out m a phenomenal blaze of light, shining with 
perhaps a thousand times its original biilhancc The 
cause of these violent outbursts is still a matter for 
debate, and no thoroughly convincing explanation has 
as yet been given A study of compaiatively near novae 
has, however, provided information as to the lumi- 
nosity of the average nova when at its brightest, and 
as novae appear in various parts of the sky, and 
particularly in the extra-galactic nebulae, they pro- 
vide a rough means of measuring stellar and nebular 
distances. 

Blue stars provide yet another method These are 
exceedingly luminous, and they vary but little in in- 
trinsic luminosity. Moreover, the luminosity of any 
particular star can generally be estimated fairly closely 
from the quality of the light it emits, by methods 
which will be explained later. This makes it possible 
to determine the distances of blue stars, and so of 
course of the astronomical objects in which they occur. 

Still two other methods of a different kind may be 
briefly mentioned Dr W S Adams, Director of Mount 
Wilson Observatoiy, and others have found that 
certain definite peculiarities in the spectra of certain 
classes of stars convey information as to the intrinsic 
brightness of the star emitting them, with this in- 
formation it is easy to estimate the star’s distance 
from its apparent brightness. This is commonly de- 
scribed as the method of Spectroscopic Parallaxes 

Finally the diffuse cloud of nebular matter which is 
spread through interstellar space (p 80 ) is found to 
affect the quality of light travelling through it, so 
that a star’s spectrum gives an indication of the amount 
of cloud through which the light of the star has 
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traYelled, and this again provides a rough means of 
estimating distances inside the galactic system 

GLOBULAE CLUSTERS The law of Cepheid lumi- 
nosity was first used by Hertzsprung to estimate the 
distance of the Lesser Magellanic Cloud, the study of 
which had been responsible for the original discovery of 
the law. Shapley subsequently used it to determine the 
distances of the rather mysterious groups of stars known 
as “ Globular Clusters ” A typical example of these is 
shewn in Plate IX About 100 of these clusters are known 
and they all look pretty much alike, except for differences 
in apparent size Even these latter can be traced 
mainly to differences of distance, so that the globular 
clusters are probably almost identical objects, and 
Plate IX might almost be regarded as a picture of any 
one of them Ccpheid variables abound in them all 

Shapley found the nearest globular cluster, cu Cen- 
taun, to he at a distance of about 22,000 light-years, 
the furthest, N G C. 7006, being about ten times as 
remote, at a distance of 220,000 light-years At such 
distances the parallactic method of measuring dis- 
tances would of course fail hopelessly The parallactic 
orbit of a star at 220,000 light-years’ distance is about 
the size of a pin-head held at a distance of 4000 miles , 
no telescope on earth could detect, still less measure, 
such an orbit 

The mere figure of 220,000 light-years can convey 
but little conception of the distance of this remotest 
of star-clusters from us We may apprehend it better 
if we reflect that the light by which we see the cluster 
started on its long journey from it to us somewhere 
about the time when primaeval man first appeared 
on earth Through the childhood, youth and age of 
countless generations of men, through the long pre- 
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histone ages, through the slow dawn of civilisation 
and through the whole span of time which history 
records, through the rise and fall of dynasties and 
empires, this light has travelled steadily on its com sc, 
covering 186,000 miles every second, and is only just 
reaching ns now And yet this enoimous stretch of 
space does not carry us to the confines of the universe, 
we shall now see that in all probability it has barely 
carried us to the confines of the galactic system. 



i^^pped out the complete system of the 
reo-inn^^ ^ and finds that they occupy an oblong 

wiv Milky 

vIZ’ diameter of about 250,000 light- 

Sete^h transverse 

to the shorter The sun is nearei 

whicl than to Its centre, 

ae sky, as Hinks first noted m 1011, 



PLATE X 



The Region of p Ophiuchi 


E E Barnard 


Exploring the Shy 66 

The general arrangement is shewn m fig. 8 The page 
of the book represents the plane of the Milky Way, 
the various dots representing the points in this plane 
which are nearest to the different clusters, so that the 
diagiam exhibits the system of globular clusters as 
they would appear to an observer out m space who 
viewed the galactic plane “ fuU-on.” All the globular 
clusters except N G C 7006 he within a circle of about 

125.000 light-years’ radius, having its centre at about 

50.000 light-years from the sun 

THE ARRANGEMENT OE THE GALACTIC SYSTEM 

Although the matter has long been one of vigorous 
controversy, it is now becoming clear that the region 
of space mapped out by these globular clusters ap- 
proximately coincides with that occupied by the 
galactic system itself Hersehel and Kapteyn appear 
to have been in error m supposing the centre of the 
galactic system to be in the neighbourhood of the sun; 
a considerable accumulation of evidence indicates that 
it lies in a massive star-cloud in the constellations of 
Ophiuchus and Scorpio Dr Shapley and Miss Swope, 
at Harvard Observatory, have recently determined 
the distance of this star-cloud from the sun as 47,000 
light-years, which places it almost exactly at the 
centre of the system of globular clusters, as shewn in 
fig. 8. There is what Shapley describes as a “local 
system” of fairly bright stars surrounding the sun, and 
the error of identifying this with the mam galactic 
system has apparently been responsible for a large 
part of the confusion which has hitherto beset the 
problem of the architecture of the galaxy This local 
system has the same flattened shape as the mam 
system, but it does not lie exactly in the plane of 
the Milky Way, being inclined at an angle of about 


,-4 



66 


The Universe Around Us 

12 degrees to it The sun appears to he veiy near to the 
plane of the central plane of the system, recent deter- 
minations place it about 100 light-years to the north 
of this plane. Fig 9 shews a cross-section of the 
system, as it is now imagined to he 

We have already compared the shape of the galactic 
system to that of a wheel It obviously could not retain 
this shape if the stars which formed it were standing 
still in space For the gravitational pull of the inner 
stars would cause the outermost stars — the rim of the 
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Fig 9 


Diagrammatic scheme of cross-section of the Galactic 
System The sun is at the head of the arrow 

wheel to fall inwards, and the system would end as 
a confused jumble of stars somewhere in the vicinity 
of the hub of the wheel In 1918, Flenri Pomcard, 
Professor of Mathematics at the Sorbonne, suggested 
that the galactic “wheel” might escape this fate if it 
were m a state of rotation Just as the earth’s motion 
saves It from falling into the sun, and the moon’s 
motion saves it from falling on to the eaith, so, 
Poincare suggested, the stars which form the rim of 
e wheel might be saved from falling into the hub, 
by a motion of rotation of the whole wheel. A rough 
calculation suggested that it would be necessary for 
he wheel to rotate at the rate of a complete revolution 
about every 500 million years 

matter to detect so slow a 
wTw ^ suspected to occur in the fol- 

g ay. We know that when a spinnmg-top or 
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gyroscope is set in rapid rotation, a considerable force 
IS needed to twist the top or gyroscope about in space 
This IS the principle of the gyroscopic compass such 
as IS used to steer ships A gyroscope, a sort of big 
steel spmnmg-top, is started spinning with its two ends 
pivoted m a swinging frame No matter how the ship 
turns, the motion of the gyroscope keeps the frame 
pointing away in the same direction, and by the help 
of this fixed direction the ship is kept on its course 
Now the solar system has many of the properties of 
a huge spmnmg-top, the revolutions of the planets 
corresponding to the spin of the top As there is no 
twist impressed on this “spinning-top” from outside, 
its axis of rotation must always point in the same 
direction, thus providing a sort of “gyroscopic com- 
pass” to give us our bearings m space 

In 1913 Charlicr believed he had found that this 
“gyroscopic compass” was turning round against the 
distant background of the Milky Way, at the rate of 
a complete rotation every 370 million years, a period 
which subsequent measurements increased to 530 
million years Eddington then suggested that it might 
be the background rather than the gyroscopic compass 
that was turning, the Milky Way actually rotating in 
the way imagined by Pomcard, and at just about the 
rate which Poincard had calculated 

Recent investigations by Oort, Plaskett, Lindblad 
and others prove beyond doubt that such a rotation 
really occurs, although it is not of the simple “cart- 
wheel type” we have so far discussed In the solar 
system the innermost planets move more rapidly than 
the outermost they must necessarily do so if the motion 
of each planet is to counteract the sun’s attraction In 
the same way, if the rotational motion of the galaxy 

5-2 
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IS to counteract the gravitational attiaction of its 
innermost stars, its innei parts must rotate more rapidly 
than its outermost. Thus the sun ought to be over- 
taking those stars which he outside it on the galactic 
wheel, while being itself overtaken by those which lie 
inside It. Such an overtaking motion is fairly easy to 
detect A careful analysis of observed stellar motions 
has disclosed such a motion, shewing that the galaxy 
as a whole is in rotation m precisely the way just 
described, the inner parts rotating most rapidly. 

The hub of this gigantic wheel lies almost exactly 
m the direction which Shapley assigned to the centre 
of the galaxy from his study of the globular clusters. 
Its distance from the sun, which cannot yet be dc- 
termmed with any great accuracy, is probably some- 
where about 37,000 light-years To within the limits of 
accuracy which are at present attainable, this places the 
centre of the galactic wheel at the centre of the system 
of globular clusters (see % 8, p 64) In the vicmity of 
the sun, the galactic wheel performs a complete revo- 
lution m a period of about 230 million years, and this 
endows the stars near the sun with a motion through 
space at a speed of nearly 200 miles a second, arising 
rom the rotation of the galaxy alone 
With these data, it is possible to weigh the stars of 
ga actic system e% masse • Individual stars far 
centre of the galactic system must be 
scribing orbits under the gravitational pull of the 
ystem as a whole, the pull which prevents the stars 
valaptf.^^ ering away mto space, and so keeps the 
mow T T aggregate of these orbital 

which general rotation of the galaxy 

lust mf-Tif discussed And from the figures 

] mentioned, it can be calculated that the total 
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weight of matter inside the sun’s orbit must be about 
that of 240,000 million suns Part of this may of 
course arise from interstellar dust or gas Neverthe- 
less, as the average star weighs considerably less than 
the sun, the total number of stars in the galactic 
system may well be of the order of 400,000 million 
This estimate of couise includes all stars, dark as well 
as luminous, but there are reasons for believing that 
the number of dark stars is comparatively small (see 
p 269 below). 

Other estimates of the number of stars in the galaxy 
have been made, generally lower than the foregoing 
Two estimates by Lindblad, for instance, give the total 
weight of the galaxy as 110,000 andl80,000 million suns 
respectively 

Again we are confronted with the difficulty of 
visualising such large numbers With perfect eyesight 
on a clear moonless night we can see about 3000 stars. 
Imagine each of these 3000 stars to spread out into 
a complete sky-full of 3000 new stars, and we are 
contemplating 9 million stars, which is still only the 
number visible m a telescope of 5 inches aperture. 
We probably cannot ask our imagination to play the 
same trick for us a second time, but if it can be per- 
suaded to do so, and if we can think of each of these 
9 million stars as again generating a whole sky-full of 
stars, we still have only 27,000 million stars within 
our purview — a number which is still far below any 
permissible estimate of the total number of stars in 
the galactic system Or again, let us notice that the 
number of stars photographically visible m the 
100-inch telescope, namely 1500 million, is about 
equal to the number of men, women and children 
in the world. Each inhabitant of the earth each 
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man, woman and child living in the five continents 
or travelling on the seven seas — can be allowed to 
choose his own particular star, and can then lepeat the 
process tens, and more probably hundreds, of times 
without going outside the galactic system. 

After this we can still go exploring outside the 
galactic system and find more and ever moie stars. 
The galactic system, with its hundreds of millions of 
stars, no more contains all the stars in space than one 
house contains all the mhabitants of Great Britain. 
There are millions of other houses and millions of 
other families of stars, 

THE EXTEA-GALACTIC NEBULAE. We have 
already spoken of the faint nebulous objects which 
Herschel described, somewhat conjecturally, as “island 
universes ” These are the other houses in wluch 
other families of stars are to be found The most 
powerful of modern telescopes shew that they 
consist, m part at least, of huge clouds of stars. 
Just as a powerful microscope shews that a puff of 
cigarette smoke, in spite of its appearance of con- 
tmuity, consists of a cloud of minute but quite distinct 
pmticles, so a powerful modern telescope breaks up 
the light from the outer legions of these nebulae into 
distinct spots of light, the nebula is resolved into a 
cloud of shining particles, just as the Milky Way was 

S r VT telescope of three centuries ago, 

a e s ews an example, it represents a magnifica- 
tion ot a small area in the top left-hand corner of the 

PW already shewn in 

It ^ ^ resolution into distinct spots of 
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able characteristic fluctuations of the familiar Cepheid 
variables nearer home The other shining particles are 
of comparable brightness and shew about the range 
of brightness above and below that of the Cepheids 
which IS needed to justify us m supposing that they 
are ordinary stars 

From the observed periods of fluctuation of their 
Cepheid variables, m combination with the other 
methods just explained, Dr Hubble of Mount Wilson 
Observatory has recently found that even the nearest of 
these nebulae, namely the nebula M 33 shewn in Plate 
XX (p 213), IS so remote that light takes some 850,000 
years to travel from it to us. The Great Nebula M 31 m 
Andromeda (p 30) is at the slightly greater distance 
of about 900,000 light-years. This abundantly proves 
that these nebulae he right outside the galactic system, 
justifying the term ‘‘'extra-galactic” nebulae. 

One might attempt to estimate the total number of 
stars m these nebulae by counting those visible in a 
selected average small area, but more precise methods 
are available Just as we have supposed that the outer- 
most stars in the galactic system are describing orbits 
under the gravitational attraction of the galaxy as a 
whole, so we must suppose that the outermost stars 
in a nebula are describing orbits under the gravitational 
attraction of the mam mass of the nebula, the forces 
which keep them from running away from the nebula 
are similar to those which keep the earth moving m 
its orbit round the sun If so, we can weigh the 
nebulae, precisely in the same way as we 
sun (p 44) or the galactic system (p 69) Dr Hubble 
in this way estimates that the weight of the Great 
Nebula M 31 in Andromeda, shewn in Plate lY, 
must be about 3500 million times that of the sun, while 
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the nebula N G C. 4594 m Virgo, shewn in Plate XV 
(p 204), must have about 2000 million times the weight 
of the sun In general it seems likely that each of the 
extra-galactic nebulae contains about enough matter 
to make some 2000 million stars 
This IS not the same thing as saying that each nebula 
already contains 2000 million stars While many of 
these nebulae appear to consist largely of clouds of 
stars, yet most of them contain also a laige central 
region which no telescopic power has so far succeeded 
in resolvmg into distmct points For instance, Plate 
XII shews the central region of the Great Nebula in 
Andromeda magnified to the same degree as the left- 
hand top corner shewn m Plate XI, and this is clearly 
not resolved into stars in the same way as the outer 
regions shewn in Plate XI The whole of the nebula 
N G C 4594 in Virgo, shewn in Plate XV, also refuses 
to be resolved mto separate stars We shall find reasons 
later (Chapter iv) for interpreting these central regions 
as masses of gas which are destined in time to form 
stars, but have not yet done so. We shall in fact find 
that the nebulae are the birthplaces of the stars, so 
that each nebula consists of stars born and stars not 
ye orn It is the total weight of stars already born 
and of matter which is destined to form stars that 
aggregates 2000 million suns 

extra-galactic nebulae arc 
flun? ^ 100-mch telescope In general, they 
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300 nebulae is collected, according to Shapley, within 
a space having only frona 5 to 10 times the dimensions 
of the galactic system, at a distance of some ten 
million light-years from the sun The same region of 
the sky appears also to contain three other and more 
remote clouds Shapley has suggested that our galactic 
system, the Andromeda nebula and other near nebulae 
may constitute a similar cloud 

THE K-EMOTEST DEPTHS OF SPACE Hubble esti- 
mates that the most distant of the 2,000,000 nebulae 
revealed by the 100-mch telescope must be about 
140 million light-years away from us This is the 
greatest distance which the human eye has so far seen 
into space The 220,000 light-years which formed the 
diameter of the galactic system seemed staggeringly 
large at first, but we are now speaking of distances 
some 600 times greater For all but a 500th part of its 
long journey, the light by which we see this remotest of 
visible nebulae travelled towards an earth uninhabited 


by man Just as it was about to arrive, man came 
into being on earth, and built telescopes to receive it. 
So at least it appears when viewed on the astronomica 
scale Yet even this last 500th part of the journey covers 
the lives of 10,000 generations of men, through all of 
which, as well as through 500 times as great a span 
of time, the light has been travelling steadily onward 


at 186,000 miles a second 

There are so many faint nebulae at the very limit 
of vision of the 100-inch telescope, that it seems certain 
that a still larger telescope would reveal a great many 
more The 200-mch telescope, which it is hoped will 
shortly be built, having twice the aperture of the 
present 100-inch, ought to probe twice as far into 
space, and so may perhaps be expected to shew about 
eight times as many, or 16 million, nebulae 
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moments of the lives of the stars. It is perhaps also 
a little surprising that it should prove to be much 
longer than the age suggested, very vaguely it is true, 
by the cosmologies of de Sitter and Lemaitre. If we 
accept the apparent velocities of recession of the most 
distant nebulae as real, we find that some thousands 
of millions of years of motion at their present speeds 
would just about account for their present distances 
from us, so that a few thousands of millions of years 
ago, the nebulae must have been far more huddled 
together than they now are This is of course very 
different from saying that the time which has elapsed 
since the creation of the nebulae can only be a few 
thousands of millions of years, yet we might reasonably 
have expected A pnori that the two periods would be 
at least comparable. 

To state the diflficulty in a slightly different form, a 
period of two thousand million years seems to have made 
a great deal of difference to the earth, and if the 
apparent speeds of nebular motion are real, it has made 
a great deal of difference to the general arrangement in 
space of the great nebulae, so that it is odd that it 
should make so little difference to the stars that we 
need to postulate an age a thousand times as great 
before we can explain their present condition 

These considerations may seem to suggest that the 
estimate just made of stellar ages should be accepted 
with caution and perhaps even with suspicion. Yet if 
we reject it, so many facts of astronomy are left up in 
the air without any explanation, and so much of the 
fabric of astronomy is thrown into disorder (see p. 187 , 
below), that we have little option but to accept it, and 
suppose that the stars have actually lived through times 
of the order of millions of millions of years 
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THE SUN’S RADIATION 

During the whole of some such vast period of time, the 
sun has in all probability been pouring out light and 
heat at least as profusely as at present. Indeed a mass 
of evidence, to which we shall return later, shews that 
young stars emit more radiation than older stars, so 
that during most of its long life the sun must have 
been pouring out energy even more lavishly than 
now. 

If our ancestors thought about the matter at all, they 
probably saw nothing remarkable in this profuse out- 
pouring of light and heat, particularly as they had no 
conception of the stupendous length of time during 
which it had lasted. It was only m the middle of last 
century, when the principle of conservation of energy 
first began to be clearly understood, that the source 
of the sun’s energy was seen to constitute a scientific 
puzzle of really first-class difficulty The sun’s radiation 
obviously represented a loss of energy to the sun, and, 
as the principle of conservation shewed that energy 
could not originate out of nothing, this energy neces- 
sarily came from some source or store adequate to 
supply vast outpourings of energy over a very long 
period of time Where was such a store to be 
found? 

The sun at present pours out radiation at such a rate 
that if the necessary energy were generated in a power- 
station outside the sun, this station would have to 
burn coal at the rate of many thousands of millions 
of millions of tons a second There is of course no such 
power-station The sun is entirely dependent on its 
own resources, it is a ship on an empty ocean And if, 
like such a ship, the sun carried its own store of coal, 
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or if, as Kant imagined, its whole' substance were its 
store of coal, so that its light and heat came from its 
own combustion, the whole would be burnt into ashes 
and cinders in a few thousand years at most 

The history of science records one solitary attempt 
to explain the sun’s energy as coming in from outside 
We have seen how the energy of motion of a bullet is 
transformed into heat when the speed of the bullet is 
checked An astronomical example of the same effect 
IS provided by the familiar phenomenon of shooting- 
stars These are bullet-hke bodies which fall into the 
earth’s atmosphere from outer space So long as such 
a body is travelling through empty space, its fall to- 
wards the earth continually increases its speed, but, as 
it enters the earth’s atmosphere, its speed is checked by 
air-resistance, and the energy of its motion is gradually 
transformed into heat The shooting-star becomes first 
hot and then incandescent, emitting the bright light 
by which we recognise it Finally, the heat completely 
vaporises it, and it disappears from sight, leaving 
only a momentary trail of luminous gas behind The 
original energy of motion of the shootmg-star has been 
transformed into light and heat — ^the light by which 
we see it, and the heat by which it is ultimately 
vaporised. 

In 1849, Robert Mayer suggested that the energy 
which the sun emitted as radiation might accrue to it 
from a continuous fall of shooting-stars or similar bodies 
into the solar atmosphere The suggestion is untenable, 
because a simple calculation shews that a mass of such 
bodies equal to the weight of the whole earth would 
hardly maintain the sun’s radiation for a century, and 
that the infaU needed to maintain the sun’s radiation 
for 30 milhon years would double its weight As it is 
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quite impossible to admit that the sun’s freight can 
be increasing at any such rate, Mayer’s hypothesis has 
to be abandoned. 

In 1853 Helmholtz put forward a very similar theory, 
the famous ‘‘contraction-hypothesis,” according to 
which the sun’s own shrinkage sets free the energy 
which ultimately appears as radiation If the sun’s 
radius shrinks by a mile, its outer atmosphere falls 
through a height of a mile and sets free as much energy 
in so doing as would be yielded up by an equal weight 
of shooting- stars falling through a mile and having their 
motion checked On Helmholtz’s theory, the different 
parts of the sun’s own body performed the toles which 
Mayer had allotted to shooting-stars falling in from 
outside, they performed these same parts again and 
again, until ultimately the sun had shrunk so far that 
It could shrink no further. Yet Helmholtz’s theory, 
like that of Mayer, failed to survive the test of 
numerical computation In 1862 Lord Kelvin calcu- 
lated that the shrinkage of the sun to its present size 
could hardly have provided energy for more than about 
50 million years of radiation in the past, whereas the 
geological evidence already noticed (p. 151) shews that 
the sun must have been shining for a period enormously 
longer than this 

To track down the actual source of the sun’s energy 
with any hope of success, we must give up guessing, 
and approach the problem from a new angle. We have 
seen (p. 120) how radiation carries weight about with 
it, so that any body which is emitting radiation is 
necessarily losing weight, the radiation emitted by a 
searchlight of 50 horse-power would, we saw, carry 
away weight at the rate of about a twentieth of an ounce 
a century. Now each square inch of the sun’s surface is 
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m effect a searchlight of just about 50 horse-power, 
whence we conclude that weight is streaming away 
from every square inch of the sun’s surface at the rate of 
about a twentieth of an ounce a century Such a loss of 
weight seems small enough, until we multiply it by the 
total number of square inches which constitute the 
whole surface of the sun It then appears that the sun 
as a whole is losing weight at the rate of rather over 
4 million tons a second, or about 250 million tons a 
minute — something like 650 times the rate at which 
water is streaming over Niagara 

THE PAST IIISTOEIES OF THE SUN AND STARS 

Let US carry on the multiplication. Two bundled and 
fifty million tons a minute is 360,000 million tons a 
day Thus the sun must have weighed 360,000 million 
tons more than now at this time yesterday, and will 
weigh 360,000 million tons less at this time to-morrow. 
And 360,000 million tons a day is 131 million million 
tons a year We can dig as far into the past as we like 
in this way and can probe as far as we like into the 
future But soon we encounter the usual trouble 
which besets all calculations of this kind — ^the sand 
does not always run through the hour-glass at the same 
rate. The rate at which the sun loses weight will not 
vary appreciably between to-day and to-morrow, or even 
over a century or a million years, but we must be on our 
guard against going too far If the sun continued to 
radiate at precisely its present rate, a simple sum m 
division shews that it would last for just about 15 
million million years, by which time its last ounce of 
weight would be disappearing Incidentally this gives 
us a vivid conception of the enormous weight of the 
sun, it could go on pouring away its substance into 
space at 650 times the rate at which water is pouring 
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over Niagara for 15 million million years before 
becoming exhausted 

Obviously, however, we cannot carry out our cal- 
culations in this simple light-hearted way, it would be 
absurd to suppose that the sun’s last ton of substance 
will radiate energy at the same rate as his present 
stupendous mass of two thousand million million 
million million tons. A series of investigations which 
culminated in a paper published by Eddington in 1924, 
disclosed that, in a general sort of way, a star’s lu- 
minosity depends mainly on its weight The dependence 
IS not very precise, and neither is it universal, but when 
we are told a star’s weight we can say that its luminosity 
IS likely, with a high degree of probability, to he 
within certain fairly narrow limits For instance most 
stars whose weight is nearly equal to the sun are found 
to have about the same luminosity as the sun In 
general, as might be expected, stars of light weight 
radiate less than heavy stars, but also — and this could 
not have been foreseen — the differences m their radia- 
tions are far greater than the differences in their weights. 
The law which we have already noticed to hold for 
a few stars in the neighbourhood of the sun is true, 
although in a somewhat different sense, for the stars 
as a whole — the candle-power per ton is greatest in the 
heaviest stars For example, the average star of half the 
weight of the sun does not radiate anything like half as 
much energy as the sun the fraction is more like an 
eighth This consideration extends the future life of the 
sun, and indeed of all the stars, almost indefinitely 
A sort of parsimony seems to creep over the stars in 
their old age, so long as they have plenty of weight 
to squander, they squander it lavishly, but they con- 
tract their scale of expenditure when they have little 
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left to spend The sand runs slowly through the hour- 
glass when there is little left to run. 

In the same way, the average star of double the sun’s 
weight does not merely radiate twice as much energy 
as the sun, it radiates about eight times as much We 
must keep this in view m estimating the past life of 
the sun, it shortens the sun’s past life just as surely as 
the opposite effect lengthens its futuie life Observa- 
tion tells us at what rate the average star of any given 
weight spends its weight m the form of radiation, 
and, on the supposition that the sun has behaved like 
this typical average star at the corresponding stage of 
its own past history, we can draw up a table ex- 
hibiting its gradual change of weight as its life pro- 
gressed. Selected entries from this table would read 
somewhat as follows 


2,000,000,000 years ago, the sun had 1 00013 times its present weight 

1,000,000,000,000 

2,000,000,000,000 

5.700.000. 000.000 

7.100.000. 000.000 

7.400.000. 000.000 

7.500.000. 000.000 

7.000. 000.000.000 


>> 


107 

99 

9) 

» 

»> 

>» 

99 

99 

99 

99 

1 16 
double 

4 times 

8 „ 

99 

99 

99 

99 

9) 


99 

99 

20 „ 

100 „ 


99 

99 


The first entry represents roughly the time since 
the earth was born It shews that, during the whole 
existence of the earth, the sun’s weight has changed 
by only an inappreciable fraction of the whole Con- 
sequently, it seems likely, although naturally we cannot 
be certain, that when the earth was born the sun was 
much the same as it now is, and that it has been the 
same, in all essential respects, throughout the whole 
life of the earth 

To come to appreciably different conditions we have 
to go back to remote aeons far beyond the time of the 
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earth’s birth. We are free to do this, for we have seen, 
that the earth’s whole life is only a moment m the lives 
of the stars. We have estimated the latter as being 
something of the order of 5 to 10 million million years, 
and it IS only when we go back an appreciable fraction 
of these long periods that we find the sun’s weight 
differing appreciably from its present weight We 
have, for instance, to go back more than 5 million 
million years to find the sun with double its present 
weight When we go back much further than this a 
new phenomenon appears, the weight of our hypotheti- 
cal past sun begins to go up by leaps and bounds In 
time it begins to double and more than double every 
100,000 million years, and we cannot go back as far 
as 8 million million years without postulating a sun 
of quite impossibly high weight. The sun must, then, 
have been born some time within the last 8 million 
million years 

The exact figures of our table may be open to sus- 
picion, but as a general fact of observation there is 
no doubt that very massive stars radiate away their 
energy, and therefore also their weight, with extra- 
ordinary rapidity Indeed the process is so rapid that 
we may disregard all that part of a star’s life in which 
it has more than about 10 times the weight of the sun 
— ^this IS lived at lightning speed Apart from all 
detailed calculations, this general principle fixes a 
definite limit to the ages, not only of the sun, but also 
of every other star The upper limit to the age of the 
sun IS certainly somewhere in the neighbourhood of 
8 million imllion years 

This agrees well enough with the general age of from 
5 to 10 million million years that other calculations 
have assigned to the stars in general The calculations 
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thus reinforce one another, and it looks as if at least 
two of the pieces of the puzzle were beginning to fit 
satisfactorily together. If all the stars in the sky were 
similar to the sun, we might feel a good deal of con- 
fidence m the conclusions we have reached 

Unfortunately, difficulties emerge as soon as we 
discuss the ages of stars which at present have many 
times the weight of the sun The table on p. 164 shews 
that a class of stars (spectral type A 0) of six times the 
weight of the sun have motions in space which conform 
well enough to the law of equipartition of energy. 
Unless this is a pure coincidence (and this is unlikely, 
in view of the fact that other groups of only slightly 
less weight conform equally well), we must assign an 
age of from 5 to 10 million million years to these very 
massive stars. Yet the average star of this weight is 
emitting about a hundred times as much radiation as 
the sun, which means that it is halving its weight every 
150,000 million years. Clearly this process cannot have 
gone on for anything like 5 or 10 million million years. 

Still more luminous stars present the problem in an 
even more acute form The star S Doradus m the Lesser 
Magellanic Cloud is at present emitting 300,000 times 
as much radiation as the sun Whereas the sun is 
pouring Its weight out into space at the rate of 650 
Niagaras, S Doradus is pouring it out at the rate of 
200,000,000 Niagaras, every 50 million years it loses 
a weight equal to the total weight of the sun It is 
obviously absurd to imagine that this star can have 
been losmg weight at this rate for millions of millions 
of years. 

For such a star as S Doradus only two alternatives 
seem open Either it was created quite recently (on the 
astronomical time-scale), and so is still at the very 
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beginning of its prodigal youth, or else its loss of weight 
has in some way been inhibited through the greater 
part of its life A good many arguments weigh against 
the hypothesis of recent creation The star is a member 
of a star cloud m which we should naturally expect all 
the members to be of approximately equal age It is in 
a region of space in which there are no indications that 
stars are still being born And, even if we accept the 
hypothesis of recent creation for this particular star, 
we are still at a loss to explain how the other massive 
stars, which figure in the table on p 164, can be old 
enough for equipartition of energy to have become 
already established 

For many reasons it seems preferable, and indeed 
almost inevitable, to suppose that these highly lu- 
minous and very weighty stars have m some way been 
saved from energetic radiation, with its consequential 
rapid wasting of weight, throughout the greater part 
of their lives In brief, we suppose that they are cases 
of arrested development, whose weight and general ap- 
pearance equally belie their true ages Later (p 318) we 
shall come upon a physical mechanism which explains 
very simply and naturally how this could happen 

If this hypothesis can be accepted, it clears up the 
whole situation As soon as we accept it, we become free 
to assign any age we please to the stars, and naturally 
select that indicated by the law of equipartition of 
energy, at any rate for those classes of stars which are 
found to conform to this law 

The exceptionally luminous stars which we have just 
had under discussion are comparatively rare objects 
m the sky The vast majority of stars have luminosities 
and weights comparable with, or distinctly less than, 
those of the sun, and for these the difficulty does not 
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exist Indeed the hypothesis of arrested development 
would break down under its own weight if we had to 
invoke its help for many stars, it is tenable just because 
we seldom need to use it We may accept the table on 
p 180 as giving the past history of the sun with tolerable 
accuracy, thus fixing its age at something under 
8 million million years, and a generally similar table 
would apply to most of the stars in the sky 

THE SOURCE OF STELLAR ENERGY 

The ages of 5 million million years or more which we 
have been led to assign to the stars imply that at birth 
the sun must have had at least double, and more prob- 
ably several times, its present weight For every ton 
which existed in the sun at its birth only a few hundred- 
weight remain to-day. The rest of the ton has been 
transformed into radiation and, streaming away into 
space, has left the sun for ever 
In the preceding chapter, we had occasion to discuss 
the transformation of weight into radiation whrch 
accompanies the spontaneous disintegration of radio- 
active atoms The most energetic instance of this 
phenomenon known on earth is the transformation of 
uranium into lead, in which about one part in 4000 of 
the total weight is transformed into radiation In the 
sun, the corresponding fraction may be half, or nme- 
tenths, or even 99 per cent , but, whatever it is, it 
certainly exceeds one part in 4000 Thus the process 
by which the sun generates its light and heat must 
involve a far more energetic transformation of material 
weight into radiation than any process known On earth 
Perrm and Eddmgton at one time suggested that 
this process may be the building up of complex atomic 
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nuclei out of protons and electrons The simplest, and 
most favourable example of this, which was especially 
considered by Eddington, is to be found in the building 
up of the helium nucleus The constituents of a helium 
atom are precisely identical with those of four hydrogen 
atoms, namely, four electrons and four protons If these 
constituents could be rearranged without any trans- 
formation of material weight into radiation, the helium 
atom would have precisely four times the weight of the 
hydrogen atom In actual fact Aston finds that the 
ratio of weights is only 3 970 The difference between 
this and 4 000 must represent the weight of the radia- 
tion which goes off when, if ever, the helium atom is 
built up by the coalescence of four hydrogen atoms 
The loss of weight, one part in 130, is very much greater 
than occurs in radio-active transformations, but even 
so it does not provide adequate lives for the stars The 
transformation of a sun which originally consisted of 
pure hydrogen into one consisting wholly of helium 
would only provide radiation at the sun’s present rate 
of radiation for about 100,000 million years, and the 
dynamical evidence of equipartition of energy, etc , 
as well as other evidence which we shall consider later 
(p 188 below), demands far longer lives for the stars 
than this 

THE ANNIHILATION OFMATTEE Modem phySlCS 
IS only able to suggest one process capable of providing 
a sufficiently long life for a radiating star , it is the actual 
annihilation of matter Various lines of evidence go to 
shew that the atoms in very massive stars are not, for 
the most part, fundamentally different from those m 
less massive stars Thus the primary cause of the 
difference m weight between a heavy star and a light 
star IS not a difference m the quality of the atoms, it is 



186 The Universe Around Us 

a difference in their number. A heavy star can only 
change into a light star through the actual disappear- 
ance of atoms, these must be annihilated, and their 
weight transformed into radiation 

I first drew attention m 1904 to the large amount of 
energy capable of being liberated by the annihilation 
of matter, positive and negative electric charges 
rushing together, annihilating one another and setting 
their energy loose in space as radiation. The next year 
Einstein’s theory of relativity provided a means for 
calculating the amount of energy which would be 
produced by the annihilation of a given amount of 
matter , it shewed that energy is set free at the rate of 
9 X 10^® ergs per gramme, regardless of the nature or 
condition of the substance which is annihilated I sub- 
sequently calculated the length of lives which this 
source of energy permitted to the stars, but the cal- 
culated lives of millions of millions of years seemed 
greater than were needed by the astronomical evidence 
available at the time Since then a continual accumu- 
lation of new evidence, particularly that discussed in 
the present chapter, has been seen to demand stellar 
lives of precisely these lengths, with the result that the 
majority of astronomers now regard annihilation of 
matter as the most probable source of stellar energy 
Other considerations in addition to those just men- 
tioned point to the annihilation of matter as the 
fundamental process going on m the stars. If there 
were no annihilation of matter, a star could only change 
its weight by some small fraction of the whole, such, 
for example, as the one part in 4000 which accompanies 
radio-active disintegration, or as the one part m 130 
which would result from the building up of helium 
atoms out of hydrogen A star would retain its weight 
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practically unaltered through its life This would of 
course necessarily impose far shorter lives on the stars 
than we believe them to have had, for nothing can alter 
the fact that the sun loses 360,000 million tons of weight 
every day in radiation, so that if its weight cannot 
change much, it cannot have radiated for long 

We have seen that m the present universe, a star’s 
luminosity depends mainly on its weight If we 
imagine that the same condition of things has always 
prevailed, then stars which retained the same weight 
throughout their lives would have to retain approxi- 
mately the same luminosity, at any rate until their 
capacity for radiation became exhausted Otherwise, 
contrary to observation, we should find stars with 
weights equal to the sun having all possible degrees of 
luminosity Thus if we discard the hypothesis of the 
annihilation of matter, it becomes necessary to imagine 
some controlling mechanism, of a kind which would 
compel stars having the weight of the sun always to 
radiate at about the same rate as the sun, at least 
until sheer exhaustion prevents them from radiating 
any more, and similarly for stars of all other weights 
There does not seem to be any general objection 
against supposing such a controlling mechanism to 
exist, and indeed such mechanisms have been advo- 
cated by Russell and Eddington But when we consider 
such a mechanism in detail, we encounter various 
objections which we shall consider in Chapter v 
(p 294), the principal of which is that stars controlled 
by it would, so far as we can see, be in a highly ex- 
plosive state And immediately we abandon the 
hypothesis of such a controlling mechanism, the 
observed close dependence of luminosity on weight 
compels us to suppose that a star’s weight decreases 
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as its luminosity dmumshes, which leads us back imme- 
diately to the annihilation of matter 

A further consideration which points in the same 
direction may be mentioned here We have seen how 
the “ candle-power per ton of weight ” is greatest in the 
heavier stars As an immediate consequence the loss 
of weight per ton is greatest in the heaviest stars In 
the time m which a massive star loses a hundred- 
weight per ton, a star of light weight may lose only 
a few pounds per ton The consequence is that the 
passage of time tends to equalise the weights of the 
stars This principle no doubt explains in large part 
why the present stars shew no very great range of 
weight It also leads to mterestmg consequences when 
applied to the two components of a binary system. It 
shews that as a binary system ages, its two components 
ought continually to become more nearly equal in 
weight Thus the two components ought to differ less 
in weight in old binaries than in young 

This last conclusion can be tested observationally 
As regards spectroscopic bmaries, Aitken finds that 
the ratio of weights of the two constituents of a binary 
mcreases from about 0 70 for young systems of large 
weight to 0 90 for older systems m which the con- 
stituents are about similar to the sun The direction 
of change is that predicted by theory, the amount 
of change mdicates a time-interval of the order of 
millions of miUions of years between the two states 
concerned Other astronomers have studied the corre- 
sponding problems presented by eclipsing and visual 
binaries, and have reached almost identical con- 
clusions The predictions of theory seem to be con- 
firmed by each type of bmary system separately. 

On the whole, in whatever direction we try to escape 
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from the hypothesis of annihilation of matter, the alter- 
native hypothesis we set up to explain the facts seems to 
lead back in time to the annihilation of matter 

We must not overlook the revolutionary nature of 
the change which this hypothesis introduces into 
physical science The two fundamental corner-stones 
of nineteenth-century physics, the conservation of 
matter and the conservation of energy, are both 
abolished, or rather are replaced by the conservation 
of a single entity which may be matter and energy in 
turn Matter and energy cease to be indestructible and 
become interchangeable, according to the fixed rate 
of exchange of 9 x 10^° ergs per gramme 

Yet, looked at from another angle, the hypothesis 
only carries physics one stage further along the road 
it has already trodden m the past Heat, light, elec- 
tricity have all m turn proved to be forms of energy, 
the annihilation hypothesis only proposes to add 
another to the list, so that matter itself also becomes 
a form of energy 

According to this hypothesis all the energy which 
makes life possible on earth, the light and heat which 
keep the earth warm and grow our food, and the stored- 
up sunlight in the coal and wood we burn, if traced far 
enough back, are found to originate out of the annihi- 
lation of electrons and protons in the sun The sun 
is destroying its substance in order that we may live, 
or, perhaps we should rather say, with the consequence 
that we are able to live The atoms in the sun and stars 
are, in effect, bottles of energy, each capable of being 
broken and having its energy spilled throughout the 
universe m the form of light and heat Most of the 
atoms with which the sun and stars started their lives 
have already met this fate, the remainder are doubtless 
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destined to meet it in time Scientific writers of half 
a century ago delighted m the picturesque description 
of coal as “bottled sunshine”, they asked us to think 
of the sunshine as being bottled up as it fell on the 
vegetation of the primaeval jungle, and stored for use 
in our fireplaces after millions of years On the modern 
view we must think of it as re-bottled sunshine, or 
rather re-bottled energy The first bottling took place 
millions of millions of years ago, before either sun or 
earth was in being, when the energy was first penned 
up in protons and electrons Instead of thinking pro- 
saically of our sun as a mere collection of atoms, let 
us think of it for a moment as a vast storehouse of 
bottles of energy which have already lain m storage 
for millions of millions of years. So enormous is the 
sun’s supply of these bottles, and so great the amount 
of energy stored in each that, even after radiating light 
and heat for 7 or 8 million million years, it still has 
enough left to provide light and heat for millions of 
millions of years yet to come. 

Two quantitative considerations may help to shew 
these processes in a clearer light We have seen that 
the sun’s present store of atoms would, at the present 
rate of breakage, last for 15 million million years This 
means that every year only one atom in 15 million 
million IS broken, a fraction which may seem absurdly 
small to produce the sun’s vast continuous outpourings 
of energy. Let us, however, reflect that the energy 
which IS continually pouring out of the sun’s surface 
at the rate of about 50 horse-power per square inch is 
generated throughout the vast interior of the sun’s 
body, the stream of energy which emerges from a 
square inch of surface is the concentration of all the 
energy generated in a cone of a square inch cross- 
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section, but of 433,000 miles depth Such a cone 
contains about 10®^ atoms, and although only one in 
15 million million is broken each year, there are still 
about two million million atoms destroyed each 
second 

Even so, the amount of energy set free by the 
annihilation of matter is rather surprising, it is of an 
entirely different order of magnitude from that made 
available by any other treatment The combustion of 
a ton of the best coal in pure oxygen liberates about 
5 X 10^® ergs of energy, the annihilation of a ton of 
coal liberates 9 x 10^® ergs, which is 18,000 million 
times as much In the ordinary combustion of coal we 
are merely skimming off the topmost cream of the 
energy contained in the coal, with the consequence that 
99 999999994 per cent of the total weight remains 
behind in the form of smoke, cinders or ash Annihila- 
tion leaves nothing behind, it is a combustion so com- 
plete that neither smoke, ash, nor cinders is left. If we 
on earth could burn our coal as completely as this, a 
single pound would keep the whole British nation 
going for a fortnight, domestic fires, factories, trains, 
power-stations, ships and all, a piece of coal smaller 
than a pea would take the Mauretania across the 
Atlantic and back 

Purely astronomical evidence has led to the con- 
clusion that atoms are continually being annihilated in 
the sun and stars Here we have a piece of the puzzle 
which fits perfectly on to those we tentatively fitted 
together in the last chapter. As we there saw, recent 
investigations in mathematical physics suggest that 
the highly penetrating radiation received on earth has 
its origin in the annihilation of matter out m space 
And the amount of this radiation received on earth 
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IS so great that we had to suppose the underlying 
annihilation of matter to be one of the fundamental 
processes of the universe, we now discover that it is 
m all probabihty the process which keeps the sun and 
stars shinmg and the umverse ahve. 

PHYSICAL INTEEPSETATION. It IS perhaps 
worth trying to probe stiU one stage further mto 
the physical nature of this process of annihilation of 
matter, although it must be premised that what follows 
is speculative m the sense that no direct observational 
confirmation is at present available 

We saw (p 185) how the electrodynamical theory 
current m the last century required that the nucleus 
and electron of the hydrogen atom should approach 
ever closer and closer to one another with the mere 
passage of time, until finally they rushed together and 
coalesced When this happened, the negative charge 
of the electron and the positive charge of the nucleus 
would neutrahse one another and their energy would 
go off m a flash of radiation similar to the flash of 
hghtnmg which indicates that the negative and positive 
charges m two opposmg thunderclouds have met and 
neutrahsed one another 

The more recent quantum theory calls a halt to 
this motion as soon as the nucleus and electron 
have approached to within a distance of 0 58 x 10~® 
centimetres of one another, and by so domg keeps 
the umverse in being as a going concern (p 185). 
Other halts are also estabhshed at 4, 9, 16, etc times 
this distance, but here the prohibition on further 
progress is not absolute. At these longer distances 
the demand of the quantum theory “thus far shalt 
thou go and no further” seems to be replaced by 
“thou shalt go no further until after a long time ” 
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And it now seems possible, on the astronomical evi- 
dence, that the prohibition at the shorter distance 
may not be absolute either From the physical end 
nothing is known for certain, although here again it 
seems contiary to the newer conceptions of physics, as 
embodied m the wave-mechanics, that any such abso- 
lute prohibition should exist, either for the hydrogen 
atom or for other more complex atoms Perhaps after 
waiting a long time in the orbit nearest to the nucleus, 
the electron is permitted, or even encouraged or com- 
pelled, to proceed , it merges itself into the nucleus and 
a flash of radiation is born in a star This provides 
the most obvious mechanism for the annihilation of 
electrons and protons which the evidence of astronomy 
seems to demand It will, however, be clearly under- 
stood that this is a purely conjectural conception of the 
mechanism, we shall return to a further consideration 
of this very intricate problem m Chapter v ^ 

If this conjecture should prove to be sound, not only ^ ^ 
the atoms which provide stellar light and heat, but 
also every atom in the universe, are doomed to de- 
struction, and must m time dissolve away m radiation. 

The solid earth and the eternal bills will melt away as 
surely, although not as rapidly, as the stars 

The cloud-capped towers, the gorgeous palaces. 

The solemn temples, the great globe itself, 

Yea, all which it inherit, shall dissolve, 

And leave not a lack behind 

And if the universe amounts to nothing more than this, 
shall we carry on the quotation : 

We are such stuff 

As dreams are made on, and our little life 
Is rounded with a sleep, 

—or shall we not"^ 
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CHAPTER IV 


Carving out the Universe 

We have commented on the surprising emptiness of 
space SIX specks of dust in Waterloo Station about 
represent the extent to which it is occupied by stars 
in its most crowded parts The comment might well 
have taken another form Six specks of dust contain, 
let us say, a thousand million million molecules Our 
model of space is empty because this great number of 
molecules happens all to be aggregated into as few as 
six lumps In real space the unit of aggregation is the 
star, and an average star contains about 10^® molecules 
— a number so large that it is quite useless to try to 
imagine it The emptiness of space does not oiigmate 
from any paucity of molecules, it originates from the 
circumstance that, apart from those which form the 
tenuous clouds of gas stretching from star to star, the 
molecules are aggregated together m the huge colonies 
we call stars, with about 10®® members to each Why 
should the molecules in space herd together m this way, 
when the molecules in the rooms m which I am writing 
and you are reading do not*^ 

Following a well-tried scientific method, we may 
attempt to discover why these aggregates have formed, 
by first examining what keeps them together now that 
they have formed The earth’s atmosphere consists of 
about 10^1 molecules Why do they stay pressed down 
mto an atmosphere mstead of spreading out through 
space? The answer is of course provided by the earth’s 
gravitation. A bullet fired from the earth’s surface 
with a speed of 6 93 miles a second or more will fly 
off into space, because the earth’s gravitational pull is 
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inadequate to hold it back when it moves with so high 
a speed But a bullet fired with a speed of less than 
6 93 miles a second does not leave the earth, its speed 
IS inadequate to take it clear of the earth’s pull Thus 
the molecule-bullets which form the eai th’s atmosphere, 
flying with speeds less than a thud of a mile a second, 
have no chance at all of getting away The earth’s 
gravitation continually pulls them back to eaith, so 
that the earth retains its covering of air 

At rare intervals a molecule may expeiience a 
succession of exceptionally lucky collisions with other 
molecules, and so attain a speed of moie than 6 93 
miles a second A molecule which arrives at the outside 
of the earth’s atmosphere with such a speed will leave 
the earth altogether, and join the intcrstcllai ciowd 
of stray molecules The earth is continually shedding 
Its atmosphere in this way, but calculation shews that 
the loss, even in millions of millions of years, is quite 
insignificant, so that we may regard the earth’s atmo- 
sphere as permanent 

It IS the same with the sun The sun’s heat has 
broken up the molecules of its atmosphere into their 
constituent atoms, and these move with an average 
speed of about 2 miles a second But an atom-bullet 
would have to move at about 380 miles a second to 
escape altogether from the sun, so that the solar atoms 
remam to form an atmosphere 

If all the molecules of air in an ordinal y loom weie 
collected into a bunch at the centre of the loom, the 
ball of air so formed would of course exert a gravita- 
tional pull on its outermost molecules, of the same 
kind as the earth and sun exert on the molecules of 
then- atmospheres But, because the weight of this 
baU of air is so small, the intensity of its gravitational 

13-2 
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pull would also be small, indeed it would be so feeble 
that a speed of about a yard a century would be enough 
to take the outermost molecules clear of it As the 
molecules of ordinary air move at about 500 yards a 
second, such a ball of air would immediately scatter 
through the whole room. On the other hand, if the 
room were big enough to contain the sun, all its mole- 
cules could stay in a ball at the centre, just as they do 
in the sun The outermost molecules would need a 
speed of at least 380 miles a second to escape, so that 
their actual speeds of 500 yards a second or so would 
be of no service to them 

PLANETARY ATMOSPHERES In general the ques- 
tion of escape or no escape depends on the outcome of a 
battle between the molecular speeds of the outermost 
molecules, and the intensity of the gravitational hold 
which the remainder of the mass exerts on them The 
solar system provides many examples of this The 
moon has only a sixth as much gravitational hold over 
the molecules of an atmosphere as the earth has, with 
the result that any atmosphere the moon may ever have 
had, has escaped by now. Mercury has two-fifths of 
the earth’s gravitational hold, but, owing to its nearness 
to the sun, its sunward surface is veiy hot, with the 
consequence that its atmosphere also has escaped The 
gravitational hold of Mars on its molecules is only a 
fifth of the earth’s, but its surface is cooler Calculation 
shews that water-vapour and heavier molecules ought 
^ to remain, while the lighter molecules of helium and 
hydrogen ought to have escaped This probably icpre- 
sents what has actually happened The largest satellite 
of Saturn and the two largest satellites of Jupiter 
would exercise about the same gravitational hold as 
the moon, but as their surfaces must be enormously 
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colder than that of the moon, they ouglit to 1)<‘ nhlo 
to retain .itmospluTCh. Some ob.servcTS claim to have 
seen mdieations ot at tnospheres on <ill three satellite.s. 
All (he lour major jdauets exi'rfc stioiiger ffravitational 
holds over their molecniles than the earth, and .so retain 
their atmosj)hc-rc‘s wilh ease, while Venus, with ap- 
proxmiatc'ly the same ^rraviLational hold as the earth, 
also retains an atinospluac 

Iht'se e^onsultTations ^irupl}^ expLun why the mole- 

eiiles ot the stars must necessarily remain a^jf^re^fal ed 
now tliat tlu' af'f'ie^aU’s have' onei' Ix'en foniu'd, hut 
th(‘ ijuc'sfion ol how and why I lu'se afffii email's formed 
m tlu' (irst mslaiiee is far inoie eomjih'x What, for 
instance, determined that Hum* should he about lO'"'® 
moh'eules m each star rather than or lO™? 

(; H I 'I’.vr I () N A r. i nsta b i l i t v 

It IS natural to i-mjuire whether tli<« forces which now 
kt'epaslurfo^ethermnvnot also have hei'ii nssfionsihk' 
fonts fallmjjTtojref her m tlu' first mstnnee This leads us 
to study (heafrjriejralmjf power of «ravilation m some 
detail 

Five years after Newton had published Ins law of 
gravitation, llentley, the Master of Trimly (’ollege, 
wrote lum, raising tlie ijiiestion of whether the newly 
discovered force of gravitation woiilil not aeeoimt for 
the aggregation of matter mio stars, and wt' find 
Newton re{)lymg,in a let l(>rofdate Decern her 10, 1002 • 

rtsmnslo me, that if I he mat ter of our son and planets, 

ami all thv matt<a of tho uiuvcrsc, wcio evenly st^aileied 
thunighniil all lh(‘ lu»av<'ns, and ovny pai(i<*I<‘ had im in- 
nate griunly towards all the i<‘sl, and the whole spnei^ 
thrcaiglanit whieli this inatler was seatli^red, was lim(c% 

I he laaf l<*r na Ihennlsuk^ofiJiis s|)a<»<‘ wouhl by its i^ravily 
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tend towards all the matter on the inside, and by con- 
sequence fall down into the middle of the whole space, and 
theie compose one great spherical mass But if the matter 
were evenly disposed throughout an infinite space, it could 
never convene into one mass, but some of it would convene 
into one mass and some into another, so as to make an 
infinite number of great masses, scattered great distances 
fiom one to another throughout all that infinite space And 
thus might the sun and fixed stars be formed, supposing 
the matter were of a lucid nature 

An exact mathematical investigation on which I 
embarked m 1901, not only confirms Newton’s con- 
jecture in general terms, but also provides a method 
for calculating what size of aggregates would be formed 
under the action of gravitation 

THE foumation of condensations You 
stand in the middle of a room and clap your hands In 
common language you are making a noise, the physicist, 
in his professional capacity, would say you are creating 
waves of sound As they approach one another, youi 
hands expel the intervening molecules of air These 
stampede out, colliding with the molecules of outer 
layers of air, which are m turn driven away to collide 
with still more remote layers, the disturbance originally 
created by the motion of your hands is carried on in the 
form of a wave Although the individual molecules 
have an average speed of 500 yards a second, the 
zig-zag quality of their motions i educes the speed of 
the disturbance, as we have already seen, to about 
370 yards a second — ^the oidmary velocity of sound 
As the disturbance reaches any point the number of 
molecules theie becomes abnormally high, for the 
stampeding molecules add to the normal quota of 
molecules at the point. This of course produces an 
excess of pressure. It is this excess pressure acting on 
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my ear-drum that transmits a sensation to my brain, 
so that I hear the noise of your clapping your hands. 

This excess of pressure cannot of course persist for 
long, so that the excess of molecules which produces 
it must rapidly dissipate It is thus that the wave passes 
on Yet there is one factor which militates against its 
dissipation Each molecule exerts a gravitational pull 
on all its neighbours, so that where there is an excess 
of molecules, there is also an excess of gravitational 
force In an ordinary sound wave this is of absolutely 
mappicciable amount, yet such as it is, it provides a 
tiny force holding the molecules back, and preventing 
them scattering as freely as they otherwise would do 
When the same phenomenon occurs on the astronomical 
scale, the corresponding forces may become of over- 
whelming importance. 

Let us speak of the gas m any region of space where 
the number of molecules is above the average of the 
suiioundmg space, as a ‘‘^condensation ” Then it can 
be proved that, if a condensation is of sufficient extent, 
the excess of gravitational force may be sufficient to 
inhibit scattering altogethei In such a case, the 
condensation may continually grow through attracting 
molecules into it from outside, whose molecular speeds 
are then inadequate to carry them away again 

Whether this happens or not will depend of course 
on the speed of molecular motion in the gas, as well as 
on the size of the condensation But it will not depend 
at all on the extent to which the process of condensa- 
tion has proceeded By doubling the excess number of 
molecules in any condensation, wc double the extent 
to which condensation has proceeded In so doing, we 
double the gravitational pull tending to increase the 
condensation, but we also double the excess pressure 
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which tends to dissipate it, we double the weights on 
each side of the balance, but the balance still swings 
in the same direction If once conditions are favourable 
to its growth, a condensation goes on growing auto- 
matically until there are no further molecules left for 
it to absorb. 

The greater the extent in space of a condensation, 
the more favourable conditions are to its continued 
growth Other things being equal, a condensation 
two million miles in diameter will exert twice the 
gravitational force of a condensation one million miles 
m diameter, but the excess pressures are the same in the 
two cases Thus, the larger a condensation is the more 
likely it IS to go on growing, and by passing m imagina- 
tion to larger and larger condensations we must in time 
come to condensations of such a size that they are 
bound to keep on growing Nature’s law here is one of 
unrestricted competition. Nothing succeeds like suc- 
cess, and so we find that condensations which are big to 
start with have the capacity of increasing still further, 
while those which are small merely dissipate away. 

Suppose now that an enormous mass of uniform gas 
extends through space for millions of millions of miles 
m every direction. Any disturbance which destroys its 
uniformity may be regarded as settmg up condensations 
of every conceivable size. 

This may not seem obvious at first, it may be 
thought that a disturbance which only affected a 
small area of gas would only produce a condensation 
of small extent Such an argument overlooks the way 
in which the gravitational pull of a small body acts 
throughout the universe. The moon raises tides on the 
distant earth, and also tides, although incomparably 
less m amount, on the most distant of stars. Each time 
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the child throws its toy out of its baby-carnage, it 
disturbs the motion of every star in the universe So 
long as gravitation acts, no disturbance can be confined 
to any area less than the whole of space The more 
violent the disturbance which creates them, the more 
intense the condensations will be to begin with, but 
even the smallest disturbance must set up conden- 
sations, although these may be of extremely feeble 
intensity And we have seen that the fate of a con- 
densation IS not determined by its intensity but by its 
size No matter how feeble their original intensity may 
have been, the big condensations go on growing, the 
small ones disappear In time nothing is left but a 
collection of big condensations The mathematical 
analysis already referred to shews that there is a 
definite minimum weight such that all condensations 
below this weight merely dissipate away into space. 
To a good enough approximation for our present pur- 
pose, this minimum weight is such that if a tenth of 
this’ weight of gas were isolated in space, and all the 
rest of the gas annihilated, the molecules would ]ust 
and only just fail to escape from its surface* 

We may say that the oiigmal uniformly distributed 
mass of gas was “unstable” because any disturbance, 

”■ This IS near enough, but not absolutely accurate Exact mathe- 
matical analysis shews that the weight of the minimiiin coiKlcnsaticm 
M IS given by 

yis/ot 

where C, y, p, k are the molecular velocity, ^gravitation constant, 
initial density, and ratio of specilic heats, whcieas the woi^>ht from 
which molecules moving with velocity C just fail to escape is given by 

With a:= 1^ the mmimiim weight of condensation is 0 T times the 
weight which is just adequate to retain the molecules 
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however slight, causes it to change its configuration 
entirely, it had the dynamical attributes of a stick 
balanced on its point, or of a soap-bubble which is 3 ust 
ready to burst 

PRIMAEVAL CHAOS These general theoretical re- 
sults may now be applied to any mass of gas we please 
Let us begin by applying them to Newton’s hypothetical 
“ matter evenly disposed throughout an infinite space ” 
We return in imagination to a time when all the sub- 
stance of the present stars and nebulae was spread 
uniformly throughout space, m brief, we start from the 
primaeval chaos from which most scientific theories of 
cosmogony have started Hubble has estimated that if 
the whole of the matter m those parts of the universe we 
know were redistributed evenly throughout space, the 
gas so formed would have only about 1 5 X lO-^^ times 
the density of water This estimate is almost certainly on 
the low side, even as representing present conditions, 
and in trying to reconstruct the primaeval gas we must 
add something to allow for the molecules and atoms 
which have melted away into radiation in the inter- 
vening period On the whole, peihaps 10“®° is not an 
unreasonable density to assign to the hypothetical 
primaeval nebula. It is almost inconceivably low In 
ordmary air, at a density of one eight-hundiedth that 
of water, the average distance between adjoining mole- 
cules IS about an eight-millionth part of an inch, in the 
primaeval gas we are now considering, the corre- 
sponding distance is two or three yards. The contrast 
again leads back to the theme of the extreme emptiness 
of space 

What IS the minimum weight of condensation that 
would persist in this primaeval gas’ 

Calculation shews that if ordinary air were attenuated 
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to this extraordinary degree, no condensation could 
persist and continue to grow unless it had at least 
62|- million times the weight of the sun, any smaller 
weight of gas would exeit so slight a gravitational 
pull on its outermost molecules, that their normal 
molecular speeds of 500 yards a second would lead to 
the prompt dissipation of the whole condensation 
We can carry out similar calculations with reference 
to other assumed densities of gas, and other molecular 
velocities The following table shews the weights of 
condensations which would be foimcd m primaeval 
masses of chaotic gas having the densities shewn m 
the first column, and the various molecular velocities 
mentioned at the heads of the remaining columns In 
each case the weights of the condensations are given 
in terms of the weight of the sun 


Density 
in terms 
of water 

JVIol vcl of 
'500 yards 
a sec 

Mol vel of 
1000 yards 
a see 

Mol vcl of 
2000 yauls 
see 

Mol vcl ol 
8000 yaids 
a see 

10-29 

10-39 

1 5 X 10-31 

25,000,000 

02,500,000 

160,000,000 

200,000,000 

500,000,000 

1,800,000,000 

1.500.000. 000 

4.000. 000.000 
10,000,000,000 

5,000,000,000 

18,000,000,000 

80,000,000,000 


All known stars have weights comparable with that 
of the sun Thus if, as Newton conjectured, the stars 
first came into being as condensations of this kind, then 
the entries in this table ought to be comparable with 
unity Newton’s conjecture, m the form in which wc 
have just considered it, is clearly untenable, smee all 
the calculated weights are many millions of times that 
of the sun. If there ever existed a primaeval chaos of 
the kind we are now considering, it would not condense 
into stars, but into enormously more massive con- 
densations, each having the weight of millions of stars. 
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THE BIRTH OF THE GREAT NEBULAE 

Now it IS significant that bodies are known in space 
having weights equal to those just calculated, namely 
the great extra-galactic nebulae There are two nebulae 
whose weights can be determined with fair accuracy, 
namely the Great Nebula m Andromeda (Plate IV, 
p 30) and the nebula N G C 4594 m Virgo (Plate XV) 
Hubble estimates these to be as follows 

Nebula M 31 weight =3500 million times that of sun 

„ N G C 4594 „ =2000 

These estimates are again probably both on the low 
side, but their general order of magnitude is such as to 
suggest that the condensations which would first be 
formed out of the primaeval nebula must have been 
the great extra-galactic nebulae, and not mere stars. It 
IS of course at best only a conjecture that the great 
nebulae were formed in this manner — if for no other 
reason because we can never know whether the hypo- 
thetical primaeval nebula even existed — but it seems 
the most reasonable hypothesis we can frame to explain 
the fact that the present nebulae exist. These nebulae 
are so generally similar to one another that it seems 
likely that they must all have been produced by the 
action of the same agency, and that which we have just 
considered provides a reasonable explanation which, 
apart from the postulated existence of the continuous 
primaeval nebula, is based on verae causae 

The great nebulae are of course not exactly similar, 
and our next inquiry must be as to the origin of their 
differences 

If the condensations m the primaeval gaseous nebula 
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had formed and contracted in an absolutely regular 
fashion, the final product would be an array of per- 
fectly equal and similar masses of gas spaced with 
perfect regularity But nature is seldom as regular as 
this, and we need not be surprised that the observed 
nebular array is not evenly spaced, or that its incmbeis 
are neither equal in weight, nor symmetrically arranged. 
As the original condensations in the primaeval gas con- 
tracted, they must have produced cuiieuts, and these 
would hardly be likely to occur absolutely symmetri- 
cally If the motion in each mass of condensing gas had 
been directly towards the centre of the condeiisal ion at 
every point, the final result would have been a splieiieal 
nebula devoid of all motion, but any less synimeLrical 
system of currents would result m a spin being givcm 
to each contracting mass This spin would no doubt 
be very slow at first, but the well-known piineiple of 
“ conservation of angular momentum ” requires that, as 
a spinning body contracts, its rate of spin must increase. 
Thus when the process of condensation was complete, 
the final product would be a scries of nebulae rotating 
at different latcs 

NEBULAE iiOTATioN And this IS exactly what is 
observed, so far as our evidenee goes the ncbiihu’ aie 
m rotation, and at diflerent rates The various parts 
of the surface of any rotating mass necessarily have 
different speeds in space The sun for instance rotates 
about Its axis in such a direction that the surface 
we see is moving always from east to west; as a 
result the eastern limb is always advancing towards 
the earth, while the western limb is receding from us. 
A spectroscope turned on to different parts of the sun’s 
surface in succession at once reveals these differences 
of speed, they not only assure us of the sun’s rotation. 
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but enable us to measure its amount The nebulae may 
be examined in the same way, and the examination 
shews that a large number of them are rotating with 
the perfectly regular motion of a solid body — a spm- 
mng-top, for instance Measured by terrestrial stan- 
dards their rates of rotation seem cxtiaordmarily slow, 
for instance the Great Nebula M 31 in Andromeda 
requires about 19,000,000 years to make a complete 
rotation, but this apparent slowness is an inevitable 
result of the huge size of the nebula. Even to get 
round once in 19,000,000 yeais, the outer paits of the 
nebula have to move with speeds of hundreds of miles 
a second 

A few of the nebulae are quite irregular m shape, but 
the majority have regular shapes, and it is highly 
significant that these are precisely the shapes which, 
it can be calculated mathematically, would be exhibited 
by rotating masses of gas Actually there is a far 
stronger case than this for supposing the nebulae to 
be rotating masses of gas. From the purely observa- 
tional evidence of surface-brightness and other charac- 
teristics, Hubble found that nearly all of these nebulae 
could be arranged m a single linear sequence — ^they 
could be arranged in order like beads on a string And 
this order proved to be practically identical with the 
sequence which had previously been calculated, by 
purely theoretical methods, for the configurations of 
masses of gas rotating at gradually increasing rates of 
speed. 

Let us examine this sequence of theoretical con- 
figurations in their natural order 

A mass of gas which was not rotating at all would of 
course assume a spherical shape under its own gravi- 
tation. A number of perfectly spherical nebulae are 
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known; a typical example is shewn in hg. 1 on 
Plate XVI 

With slight lotation the mass assumes the shape of 
a slightly flattened oiangc, like the earth oi Jupiter. 
Nebulae of this shape are also known in abundance; 
an example is shewn in flg. 2 on the same plate 

With a lughci degiee of lotation the degice of 
flattening increases, but theoretical calculation shews 
that the orange shape is soon departed from. The 
equator fust begins to shew a pronounced bulge, unlil 
finally, with sufficient rotation, this develops inlo a 
sharp edge, the rotating mass now being shaped like 
a double-convex lens This prediction of thc‘ory is 
abundantly confiimed by observation, a large number 
of these lens-shaped nebulae bc*ing observed in the* sky. 
An example is shewn in fig 3 on I’late XVI. 

The next step is somewhat sensational h'urther 
rotation does not, as might be expected, result in still 
fuitlicr flattening Up to now, each increase in 
rotation has made the bulge on the equator sharper, 
but this IS now as sharp as it can be Theory shews 
that the flattening has also proceeded to the utmost 
possible limit, and that the next stage must consist m 
matter being ejeeted through the sharp edge of the 
equator and spread throughout the equatoiial plane 
Here again observation confirms theory, figs. 4 and 5 
(Plate XVI) shew types of nebulae actually observed, 
the former being the nebula in Virgo which wc have 
already had under discussion 

The comparatively thin layer of gas which now lies 
in the equatorial plane is similar in one respect at least 
to Newton’s matter “evenly disposed throughout an 
infinite space Disturbances can be set up in it in a 
variety of ways, and any disLiubaiice, no matter how 
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slight, must lesult m the creation of a seiies of con- 
densations As before, those below a certain limit of 
size disappear of themselves, while those above this 
limit continually increase in mtensity until they have 
absorbed all the gas in the equatorial plane Again, as 
with the hypothetical primaeval chaos, we can calculate 
the minimum size of condensation which can be ex- 
pected to have a permanent existence, and once again 
the result proves to be highly significant 

Hubble’s estimates of the total weights of two con- 
spicuous nebulae have aheady been given As the 
distances, and therefore also the sizes, of both these 
nebulae are known, it is an easy mattei to calculate 
the average density of the gas throughout the whole 
nebula The average density in M 31 is found to be 
about 5 X 10-2® of that of water, the corresponding 
number forNGC 4594. is 2 x lO"®! These figures give 
us some idea of the density of matter in the outer 
regions of the nebulae Although these densities are 
about a thousand miUion times as great as the estimated 
density of the original primaeval nebula of space, they 
are still almost mconceivably low Theie is still only 
about one molecule to the cubic inch, and a single 
breath from the lungs of a fly could fill a large cathedral 
With air of this density 

On pioceedmg to calculate the weights of the 
smallest condensations which could form and persist in 
a gas of this low density, we obtam the results shewn 
in the following table The molecular velocities are 
taken rather low, so as to allow for the cooling which 
must occur when the gas is spread out in the equatorial 
plane of the nebula. 

Agam the weights of the condensations are given in 
terms of the weight of the sun And the significant fact 
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emerges that most of the entries m the table represent 
weights comparable with that of the sun We are 
deahng with stellar weights at last, the condensations 
which must form m the outer regions of the great 
nebulae will have weights comparable with those of 
the stars 
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THE BIRTH OF STARS 

And indeed there can be but little doubt that the process 
we have just been considering is that of the birth of 
stars Even a casual glance at photographs of nebulae 
suffices to shew that the matter which has been ejected 
into the equatorial plane of a nebula does not lie uni- 
formly spread out m that plane, it is seen to have 
fallen into bunches, knots or condensations These are 
apparent enough in many of the nebular photographs 
already shewn, but they can be seen still more clearly 
in nebulae which arc viewed nearly fuU on, such as for 
instance the two striking nebulae shewn in Plates XVII 
and XVIII 

These bunches are invariably too large to be inter- 
preted as single stars, they are more probably groups 
of stars In the largest telescopes they break up into 
great numbers of points of light m the way already 
exhibited m Plate XI (p 70) We have already 
mentioned the reasons which compel us to regard these 
points of light as actual stars, the principal being that 
some of them shew the characteristic light-fluctuations 
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of the Cepheid variables It is not altogether clear 
whether the stars are formed directly as condensations 
in the equatorial plane of the nebula, or whether larger 
condensations form first, namely the bunches observ- 
able m nebular photographs, which subsequently form 
smaller condensations, the stars On the whole it seems 
likely that there are two processes involved — first the 
break-up of the nebular matter into big condensations, 
and then the break-up of these big condensations into 
stars Such a succession of processes might well accom- 
pany a gradual cooling of the matter, and it is of course 
possible that there are even more than two processes 
involved There is no need to form a final opinion on 
this at present, as it is in no way essential to the 
progress of the main argument 

A collection of nebular photographs enables us to 
follow nebular evolution from the earliest stages 
shewn in Plate XVI (p 207), through the first 
appearance of granular bunches, such as are shewn m 
Plate XVII, and the first distinct appearance of stars 
shewn in Plate XVIII, down to the later stages, such 
as are shewn in Plates XIX and XX, m which the 
nebula appears to be but little more than a cloud of 
stars Hubble has found it possible to follow the 
sequence still further, and can trace a continuous 
transition from the nebulae of this last type to pure 
star-clouds such as the Greater and Lesser Magellanic 
Clouds shewn in Plate XXI. 

Thus the stars appear to have been born in much the 
same way as we have conjectured that their parents, 
the great nebulae, had been born before them, namely, 
through the agency of what is generally known as 
“ Gravitational Instability ” This causes any mass of 
chaotic gas to break up into detached condensations. 
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and, the more tenuous the original gas, the greater 
the weights of the condensations formed out of it. 
The original piimaeval nebula was of such low density 
that the condensations which formed in it weighed 
thqusands of millions of times as much as the sun- 
These increased their density so much in contracting 
that when their rotation caused them to eject gaseous 
matter, this condensed into masses of stellar weight 
which we believe actually to be stars 

We have less certain knowledge of the former process 
than of the latter Our only reason for thinking that 
the foimer process ever occurred is that the cxtia- 
galactic nebulae now exist There is no evidence that 
the primaeval chaotic nebula ever existed, beyond the 
fact that the hypothesis of its previous existence leads 
to a very satisfactory explanation of the present 
nebulae existing as they now do On the other hand, wc 
not only know that the stars exist we also know that 
the masses of gas exist out of which theory shews that 
stars must necessarily be boin They are the tenuous 
equatorial fringes of the great nebulae Our telescopes 
shew us both the nebular fimgcs and the stars, and 
we can almost study the actual process of birth. 

THE GALACTIC SYSTEM OE STAES If this IS tllC 
true account of the birth of the stars, then our sun and 
Its companions in space must have been born out of 
a rotating nebula Observation gives strong support 
to this conclusion Since the time of the Ilerschcls, 
It has been a matter of frequent comment that the 
galactic system has the general shape of the extra- 
galactic nebulae, the galactic plane of course repre- 
senting the equatorial plane of the original nebula* 
On purely observational giounds, present-day astro- 
nomical thought IS moving rapidly towards regarding 
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the whole galactic system either as a iota ting nebula 
or the remains of one It is even possible that this 
may still retain a central region which is as yet 
unconden&ed into stars In the direction of the con- 
stellations Scorpio andOphiuchus are dark clouds which 
may either veil the centre of the system or may con- 
ceivably be the centre itself. 

In 1904 , Kapteyn found that the directions of motion 
of the stars in the vicinity of the sun were not dis- 
tributed at random The stars appeared to prefer to 
move to and fro along a certain direction m the 
galactic plane rather than in other directions — ‘^star- 
streaming,” he called it This peculiarity m the motion 
of the stars may be expected to throw some light on 
their oiigin. 

Each star moves in a complicated oibit under the 
gravitational attraction of all the other stars of the 
galactic system It is not possible to calculate this orbit 
in detail The orbit of a planet round the sun is easily 
calculated because only two bodies aie involved, the 
planet and the sun But even when there are only thiee 
bodies involved, it is impossible to calculate the orbits 
that each describes under the attractions of the other 
two jomtly this is the famous problem of three bodies, 
which has never been solved When, as in the galactic 
system, thousands of millions of stars are involved, it 
IS naturally useless to try to calculate the orbit of each 
star — ^it would be as futile as trying to calculate the 
path of each molecule in a gas. 

Yet the same statistical methods which give us 
useful mformation as to the properties of a gas may be 
applied to studying the motions of the stars There are 
so many stars that we do not trouble about individuals 
at all, we just treat them all together as a crowd. To 
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treat them as individuals would be as though the rail- 
way company tiled to forecast the Bank Holiday 
traffic fiom London to Brighton by considering the 
finances, habits and psychology of each individual 
Londonei. 

Without going into individual details, we can sec 
that each star must describe an orbit which, after 
touring round a large part of the galaxy, comes back 
to somewhere near its starting point Calculation shews 
that each such circuit must take hundreds of millions 
of years to complete Even so, the stars will mostly 
have performed several complete circuits while the 
earth has been in existence, and if we are right in 
supposing the ages of the stars to be millions ol millions 
of years, each star must have touicd lound the galaxy 
several thousands of times We should accoidmgly 
expect the galaxy to have assumed a definite permanent 
shape by now, the distribution of stars m its diflcrent 
paits ought to have become something like steady, and 
the stars ought to have settled down to a slate approxi- 
mating to one of steady motion 
Statistical methods of investigation shew that there 
IS not a great number of possible airangcments for 
a system of stars which has lived long enough to 
attain a steady state If the system as a whole has no 
rotation at all, there is only one arrangement, the stars 
form a globular mass with perfect symmetry in all 
directions The observed globular clustcis (Plate IX, 
p 63) provide good approximations to this type of 
formation, although Shapley has found that the maj ority 
are not absolutely spherical in shape If the system as 
a whole is endowed with rotation, the possible con- 
figurations are all of a flattened symmetrical shape, 
like a com, a watch or a round biscuit— m other 
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•words a system of stars in rotation must be shaped 
pretty much as we believe the galaxy to be shaped 
Furthermore the motions of these stars must shew 
“star-streammg” of precisely the kmd discovered by 
ICapteyn, * 

Thus both the shape of the galaxy and the peculiari- 
ties of motion of its stars indicate that the galactic 
system as a whole must be in a state of rotation 
And, as we have seen (p 67), recent observational 
researches by Oort, Plaskett and others make it fairly 
certain that the rotation required by theory is an actual 
fact. The motions of the stars indicate that the whole 
galactic system is rotating at a rate which varies fiom 
one region to another, being about one revolution every 
230 million years in the vicinity of the sun And the 
hub of this gigantic wheel is found to coincide very 
closely •with the spot which Shapley had previously 
fixed as the geometrical centre of the galactic system 
from his reseaiches on the distribution of the globular 
clusters 

Thus, since rotation caimot be generated out of noth- 
ing, all the phenomena agree in shewing that the galactic 
system must have been born out of a rotating body. 
We are acquamted "with only one type of astronomical 
body which is of sufficient size to turn into a galactic 
system, namely the great nebulae, and as the majority of 
these are believed, and some are known with certainty, 
to be in rotation, it seems reasonable to conclude that 
the galactic system must have been bom out of a 
nebula, unless indeed its structure is still such that we 
should even now describe it as a nebula if we saw it from 
the great distance from which we mew the other great 
nebulae The observed period of rotation of the galactic 
system, of the order of 230 million years, is substan- 
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tially longer than the period, either known or suspeeted, 
of any of the nebulae, but the dimensions of the galactic 
system are also greater than those of any known nebula, 
and the two facts hang togcthci Again, the numbci of 
stars 111 the galactic system is probably substantially 
higher than in any nebula, as also is the total weight of 
these stais"* ** All this makes it clear that if the galaxy 
IS, or ever has been, one of the great nebulae, it must 
have been one of unusual size and weight. 

We have seen how the sun and all the stars are 
continually losing weight as the result of their emission 
of radiation It follows that the total weight of the 
galactic system is for ever dcci casing, and as a con- 
sequence its gravitational hold on ils constituent stars 
IS continually weakening If this gravitational hold 
were suddenly to vanish altogcthci, each star would 
icplace its piesent curved path by a perfectly straight 
line, along which it would travel at its present speed, 
undeflected by any gravitational forces from other 
stars, so that the stars which now constitute the galactic 
system would soon be scattered through the whole of 
space In biief, if the gravitational pull of the stars 
were suddenly abolished, the galaxy would begin to 
expand at a great rate 

Although this is not likely to happen, the gradual 
abolition of the gravitational pull of the stars, as they 
turn their weight into radiation, must cause the galaxy 
to expand all the time at a slow rate calculation sug- 
gests that its present rate of expansion would double 
its size in about 30 million million years. The expansion 

* The following estimates have aheady been mentioned 

Weight of Galaxy m terms of sun 240,000,000,000 

„ nebula M 31 m terms of sun 3,500,000,000 

,, ^ „ N G C 4594 m terms of sun 2,000,000,000 
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must have been far more rapid m the past, when the 
stars were full of youthful vigoui and squandeied Ihcir 
suhstanee moie lavishly than now, so that it seems 
piobablo that the galacLie system was substantially 
smaller and more eompaet m the past than now, and 
the 01 igmal nebula probably smallci still. 

Wo have seen how the stais in the great nebulae 
apjioar to be eongregated in bunches or clusters The 
globular clustois m the galactic system may possibly 
be hunches of stars of the same gcncial type, which 
have remained undistuibcd by other gioups of stars 
and so have assumed the globular form under their 
own attraction — just as a mass of gas would do 
Shajiley finds that these clusteis he somewhat outside 
the galactic plane; it looks as though they wcic broken 
up or disorganised m Liavclhng thiough this plane, 
whore they would encounter other stars 

IBy contrast groups of stais of the type generally 
described as moving clustci s — the Pleiades, t he Ilyades, 
the stars of the Great Bear and a eiowd of others 
voyaging in company with them through space — arc 
generally found to move m the galactic plane These 
may quite possibly represent the final vestiges of 
globular clusters which have been broken up by inter- 
action with other stars, all except the most massive 
members having been knocked out of formation 
Mathematical analysis shews that the mtcraetion be- 
tween the stars of such moving clusters and other stars 
m the galactic plane would cause each clustei to assume 
the shape of a flat biscuit or watch, of diameter equal 
to 2 ^ times its thickness It is significant that the 
majority of the moving clusters shew a flattening of 
this kind, its amount agreeing tolerably well with the 
calculated value It is even conceivable that the 
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‘'local cluster” surrounding the sun (p 65) may be 
the remains of such a bunch of stars 
The motions of these clusters may also induce a 
further flattening, in a direction perpendicular to their 
motion Some clusters shew this further flattening, the 
Ursa Major clustei being a striking example. 


THE BIRTH OF BINARY SYSTEMS 

In discussing the way in which nebulae might be born 
out of chaos, we noticed that the existence of currents 
in the primordial medium would endow the resulting 
nebulae with varying amounts of lotation For the 
same reason the children of the nebulae, the stars, 
must also be endowed with rotation at their birth 
There is a further reason for such rotation The general 
principle of the "conservation of angular momentum” 
requires that rotation, like energy, cannot entirely 
disappear Its total amount is conserved, so that when 
a nebula breaks up into stars, the original rotation of the 
nebula must be conserved m the rotations of the stars. 
Thus the stars, as soon as they come into being, are 
endowed with rotations transmitted to them by their 
parent nebula, in addition to the rotations resulting 
from the currents set up in the process of conden- 
sation 

Their continual loss of weight causes the physical 
conditions of the stars to change, and we shall find in the 
next chapter that this change generally involves a 
shrinkage of the star’s diameter The same principle of 
"conservation of angular momentum” now requires 
that, as a star shrinks, its speed of rotation shall 
increase In brief, as a star ages, it spins faster and 
faster. 
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Now rotation was the essential factor in the birth 
of the stars out of the parent nebula A nebula per- 
fectly devoid of rotation would not, so far as we can 
see, break up into stars at all, and this prediction of 
theory appears to be confirmed by observation, since 
nebulae of the perfectly spherical type shewn in fig 1 
of Plate XVI can never be resolved into stars in the 
telescope On the other hand we saw how nebulae 
which were initially endowed with rotation would 
continually increase their speed of rotation under 
shrinkage, until finally their rotation broke them up 
and produced a family of stars out of each The question 
now obviously arises whether, as the speed of rotation 
of the stars increases, these are likely to break up in 
their turn, and produce yet a third generation of 
astronomical bodies Again we might expect that 
mathematical analysis would apply to large and small 
bodies equally, irrespective of scale And a detailed 
exanunation of the problem shews that in actual fact 
the process we have had under consideration would 
lepeat itself, and agam bring a further generation of 
smaller bodies into being, provided the physical con- 
ditions were suitable 

The physical conditions, however, prove not to be 
suitable; they certainly fail m one respect at least 
Although a rotating star may eject gaseous matter in 
its equatorial plane, the whole process will be on a 
much smaller scale than in the nebulae We might 
expect the ejected matter to form condensations as 
before, but calculation shews that, unless the molecular 
velocity IS extraordinarily low, no condensation can 
survive unless it has a weight greater than the whole 
weight of the star * This means that with any reason- 
able molecular velocity, the ejected gas would not 



Carding out the Universe 219 

form condensations at all It would merely scatter into 
the suiroundmg space, forming an atmosphere without 
any distinct condensations 

Such IS the course of events if the stars, like the 
nebulae before them, aie treated as pure masses of gas. 
Another alternative must, however, be considered, 

the fission of liquid stars We have seen 
how a gaseous nebula devoid of rotation would assume 
a strictly spherical shape under its own gravitational 
attraction, while slight rotation would cause it to 
flatten into an orange shape, like the earth The earth 
also has assumed this shape on account of its rotation, 
although its internal structure is veiy dilfcrent from 
that of a gaseous nebula 

Striet mathematical investigation shews that this 
flattened-orange shape must be common to all slowly 
rotating bodies, regardless of their internal composition , 
gases, liquids, and plastic bodies assume it equally 
But the shape of a rapidly rotating body must de- 
pend very greatly on its internal arrangement and 
constitution, being especially affected by the extent to 
which the weight of the body is concentrated near its 
centre 

As a consequence of the high compressibility of 
gases, this central concentration of weight reaches its 
extreme limit m a purely gaseous mass The opposite 
extreme is reached in a mass of uniform incom- 
pressible liquid such as water, in which there can 
be no central concentration at all As a mass of this 
latter type increases its speed of rotation, the slightly 
flattened-orange shape merely gives place to the shape 
of a more flattened orange The tendency of a gaseous 
mass to form a sharp edge round the equator is entirely 
absent, and the cross-section of its figure remains elhp- 


220 The Universe Around Us 

tical thioughout At a still highei speed of rotation, 
the equator loses its cireular shape and it too becomes 
elliptical The figure has now three unequal diameters, 
but every cross-section is strictly elliptical, the figure 
IS an “ ellipsoid ” After this, its longest diameter begins 
to elongate until the mass, still ellipsoidal in shape, has 
formed a cigar-sliaped figure with a length nearly tlucc 
times its shortest diameter 

A new series of events now begins The mass ol 
liquid gradually concentrates about two distinct points 
on its longest diameter, a waist or furrow forming 
across its middle This furrow gets deeper and deeper 
until It has cut the body into two distinct detached 
masses, which now rotate in orbital motion about one 
another and form a binary star The sequence of events 
is shewn in fig 11 , diagrams of the final stage as repre- 
sented by actual binary stars have already been given 

onip 54i j iv r 

For compaiison the sequence of shapes assum^ oy 
a rotating mass of gas is shewn in fig 12, this being 
identical with the sequence of observed nebular shapes 
which IS actually observed, and is illustrated pho o 
graphically in Plate XVI (p 207). 

The two chains of configurations shewn in figs 11 and 
12 represent, it will be remembered, the two extreme 
cases of a rotating body whose substance is distributed 
with complete uniformity, and of a rotating body whose 
substance is very highly condensed towards its centre 
As the constitutions of actual astronomical bodies must 
he somewhere between these two extremes, we might 
naturally expect such a body to follow a senes of 
configurations intermediate between the two shewn in 
figs. 11 and 12. Theory shews that as a matter of fact 
it does not. All bodies having less than a certain 
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critical degree of central condensation follow the 
sequence shewn in fig 11, or a sequence differing only 
immaterially fiom this, all bodies having more than 







Fig 11 The sequence of 
configurations of a rota- 
ting mass of liquid 



I 


Fig 12 The sequence of 
configurations of a rota- 
ting mass of gas 


this critical amount of central condensation follow the 
sequence shewn in fig 12* Thus when this critical 
degree of central condensation is reached there is a 
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sudden swing over from fig 11 to fig 12. In brief, 
every rotating body conducts itself either as if it were 
purely liqmd, or as if it were purely gaseous , there are 
no intermediate possibilities 

Observational astronomy leaves no room for doi^bt 
that a great number of stars, possibly even all stars, 
follow the sequence shewn in fig 11. No other me- 
chamsm, so far as we know, is available for the forma- 
tion of the numerous spectroscopic binary systems, in 
which two constituents describe small orbits about one 
another. In these stars, then, the central condensation 
of mass must be below the critical amount just men- 
tioned, to this extent they behave like liquids rather 
than gases 

We have relied entirely on mathematical analysis in 
tracmg out the details of the process of fission just 
described And we are totally unable to check our 
theoretical results by observation There is not a single 
star in the sky of which we can say here is a star 
which has certainly started to break up by fission, and 
will certainly end as a binary system It is perhaps not 
altogether surprising. The breaking-up process is in all 
probability of very short duration by comparison with 
the hves of the stars, so that m any case we should have 
to investigate a great many stais before catching one 
in the act of breaking mto two. 

On the other hand, a star in the act of breakmg up 
ought to be very easily differentiated from ordinary 
stars Mathematical analysis shews that its interior 
would be in a state of considerable turmoil, so that it 
would hardly be likely to shme with a steady light 
it would be a “variable” star. Further, its condition 
ought to shew a progressive change, although it is an 
open question whether this would be rapid enough to 
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be detected m a tew years of observation Finally, if 
any group oi class of stars were suspected of bc'iiig 
stars m process of fission, it ought to be possible to 
arrange them in an order corresponding to the extent 
to which the fissional process had advanced, and the 
sequence so formed ought to end with stars in the 
physical condition of newly formed binaries. 

I have recently suggested that the Cepheid variables, 
whose unknown mechanism of light-varmtion reiuicTS 
such valuable service to the astronomer, are nu'rely 
stars in the act of fission Want of space pievents our 
entering heie into the intiicate question of how far t hey 
exhibit the peculiarities winch niathemalical analysis 
requires of stars in process of fission, hut it is easily 
seen that they satisfy the fhrec simple tests oulliiu'il 
above They arc certainly variable stars, and tlu‘ light - 
variations of different stars are so similar as to suggest 
very strongly that they all arise from the sanu* cause, 
Ihe periods of a number of Ccpheids are snsp(>ete<l 
of change, and Ilcrtzsprung has estimated that the' 
prototype star, S Cephei, which has now been ohserved 
lor 126 years, is decreasing its period of hglit-fluetual ion 
at the rate of about a tenth of a second per aninini; 
thus a million years would rc'diiee its piesent, pm'iod of 

feetW •‘■^quenee of Cepheids fits almost per- 

fectly on to that of newly formed hmaries. Thus the 

theory” of Cepluad variables 

tested be?!" ’ ? * ‘»»»«'iigldy 

dmmed thTfl T <*annot he 

or accepted extensively. ^ 

and’shoX''^''''' view first propounded by Plummer 
haplcy, regards Cepheid variables as pnlsaling 


f 
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spheres of gas The behaviour of such masses of gas 
has been investigated mathematically by Eddington 
and others, but it does not appear that it can be 
reconciled with the observed behaviour of Cepheid 
variables 

THE DEVELOPMENT OF BINARY SYSTEMS 

Whatever the process of formation of binary systems 
may be, we experience fairly plain saihng in attemptmg 
to trace out the subsequent development of sucb 
systems Three factors are simultaneously in operation- 
TIDAL FRICTION The first of these three factors, 
which IS only of brief duration, was designated “tidal 
friction” by Sir George Darwin, who first drew 
attention to it, and mvestigated the manner of its 
operation When first a rotating mass breaks up and 
forms a bmary system, the two components are so near 
that they necessarily raise tremendous tides on one 
another , Darwm shewed that these drive the two bodies 
apart, and equahse their rates of rotation in so doing 
After these processes have been in operation for 
millmus of years, the rates of rotation of the two 
bodies and their rate of revolution about one another 
must aU become equal, so that each body perpetually 
turns the same face to its companion, and the two 
rotate about one another like the two masses of a 
dumb-bell 3omed by an mvisible arm 

Although a sun and planet do not form a binary 
system m the strict technical sense, they are neces- 
sarily subject to the same forces as true binary systems. 
Thus we can see the operation of tidal friction in the 
fact that Mercury always turns the same face to the 
sun, and that Venus rotates so slowly on its axis that 
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it turns the same face to the sun day after day, and 
probably also week after week As we pass further out 
into space the effects of tidal friction rapidly diminish, 
but it is probably significant that the nearer planets, 
Earth and Mars, have days of about 24 hours each, 
while the remote planets Jupiter, Saturn and Uranus 
each have days of only about 10 hours The periods of 
rotation of Neptune and Pluto are unknown Apart 
from these we find, in a general way, that the further 
we recede from the sun the more rapidly the planets 
rotate, which is precisely the effect that ought to be 
produced by tidal friction 

In the same way, tidal friction has in all probability 
been mainly responsible for the present configuration 
of the earth-moon system, driving the moon away to 
its present distance from the earth and causing it 
always to turn the same face towards us Tidal friction 
must of course still be in operation. The moon is re- 
sponsible for the greater part of the tides raised in the 
oceans of the earth, these, exerting a pull on the solid 
earth underneath, slow down its speed of rotation, with 
the result that the day is continually lengthening, and 
will continue to do so until the earth and moon are 
rotating and revolving m complete unison When, if 
ever, that time arrives, the earth will continually turn 
the same face to the moon, so that the inhabitants of 
one of the hemispheres of the earth will never see the 
moon at all, while the other side will be lighted by 
it every night By this time the length of the day 
and the month will be identical, each being equal to 
about 47 of our present days Jeffreys has calculated 
that this state of things is likely to be attained after 
about 50,000 million years 

After this, tidal friction will no longer operate in the 
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sense of driving the moon further away from the earth 
The ]omt effect of solar and lunar tides will be to slow 
down the earth’s rotation still further, the moon at the 
same time gradually lessenmg its distance from the 
earth. When it has finally, after unthmkable ages, been 
dragged down to withm about 12,000 miles of the earth, 
the tides raised by the earth m the sohd body of the 
moon wiU shatter the latter mto fragments (p 250 
below), which will form a system of tmy satelhtes re- 
volving around the earth m the same way as the 
particles of Saturn’s rmgs revolve around Saturn, or 
as the asteroids revolve around the sun 

We have already noticed how the present arrange- 
ment of the earth-moon system enables us to calculate 
the earth’s age, Jeffreys estimates that the system 
must have taken somethmg of the order of 4000 million 
years to reach its present configuration (p 155) 

This period, which seems so long when judged by 
terrestrial standards, is only a moment m the life of 
a star The components of the true bmary star attain 
a configuration hke that of the earth-moon system m 
a brief fraction of their hves, and, passmg on, reach m 
time the configuration m which each perpetually turns 
the same face to the other Up to now, tidal friction 
has been driving the masses ever further apart, but 
as soon as this stage is attamed, the tides become 
stationary on both components, so that tidal friction 
goes out of operation. Thus the separation produced by 
tidal friction has now reached its hmit, and, so far as 
tidal friction is concerned, the two bodies might rotate 
m the way just described to all etermty 

LOSS OF WEIGHT. As tidal friction becomes in- 
operative, a new agency takes hold We have cal- 
culated that the sun is losmg weight at the rate of 
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250 million tons a minute, that it has been losing weight 
at this rate, or some comparable rate, for millions of 
millions of years, and will continue so to do for millions 
of millions of years yet to come The earth is at its 
present distance from the sun because this distance is 
exactly suited to the present weight of the sun If the 
sun’s weight were suddenly reduced to half, its gravi- 
tational pull on the earth would also be reduced to 
half, and the earth would move to a greater distance 
from the sun*. 

The sun’s weight is not hkely to be suddenly 
reduced to half, but it has been reduced by a thousand 
million tons in the last four minutes, with the result 
that its gravitational grip on the earth has been 
weakened and the earth has moved out to a wider 
orbit , at this moment the radius of the earth’s orbit is 
greater than it was four mmutes ago. The details can 
he traced out mathematically with complete precision. 
It appears that the earth’s orbit round the sun is not 
a circle, or even an ellipse of small eccentricity, it is 
a spiral curve, like an uncoiled watch spring. Every 
year the earth moves a tiny step further out into the 
outer cold and darkness, exact calculation shews that 
its average distance from the sun increases at the rate 
of about a metre (39 87 inches) a century The effect 
is of course of precisely the same kind as we have seen 
must be produced in the galactic system by the loss of 
weight of the stars. The only difference is that in the 
galaxy a system of thousands of millions of stars is 
expanding, whereas the sun-earth system consists of 
only two members. 

* Although the details are unimportant, the actual course of events 
would he that the earth would begin to describe an elliptic instead of a 
circular orbit about the sun, the earth’s atierage distance beinsr erreater 
than now. 

i5-« 


228 The Universe Around Us 

Precisely similar effects must be produced by the loss 
of weight in the two components of a binary star. 
Here both components are radiating away energy, 
and so are simultaneously losing weight Detailed 
calculation shews that they must continually recede 
from one another, but that the shape of their orbit 
will undergo no change 

Neither separately nor m combination do the two 
effects just described explain either the shapes or 
the sizes of the observed orbits of binary stars as a 
whole To interpret these we must call on yet a third 
agency, the gravitational forces from passing stars. 
We have already seen how these account for the 
statistical distribution of orbits which is actually 
observed 

The combination of all three agencies, tidal friction, 
extending over millions of years, loss of weight, ex- 
tending over millions of millions of years, and disturb- 
ance from passing stars, extending over a similar period, 
is responsible for the evolution of binary star systems. 
Their aggregate effect is to widen the distance between 
the two stars, while at the same time knocking the 
orbit out of shape. 

SUBDIVISION While these changes are going on 
in the orbital arrangement of a binary system, the 
two components are themselves changing their physical 
condition on account of their continual loss of weight, 
and, as with the parent stars, this loss of weight will 
generally result in a shrinkage in the size of the star. 
The shrinkage of either component of the system 
causes its shape to run through the sequence of con- 
figurations we have already enumerated, and if the 
shrmkage continues for long enough, the component 
may end by further dividing into two separate masses. 
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Either or both of the constituents of a binary system 
may subdivide into binary sub-systems 
in this way, resulting in a system of 
either three or four stars H N Russell ^ 

hajj shewn mathematically that when a 
binary system P, Q divides into a triple 
system, P, g, q\ through Q breaking up 
into two constituents g, q\ the distance 
between q and g' cannot be more than 
about a fifth of the original distance 
PQ This theoretical law is well con- 
firmed by observation Fig 13 shews 
a typical multiple system, and we notice 
that the separations in each of the 
various sub-systems are all quite small d ^ 
in comparison with those of the mam 
systems Atypical 

The development of the hypothetical 
primitive chaos has now been traced through five 
generations of astronomical bodies, 

chaos — nebulae — stars — binary systems — sub systems^ 

to which a sixth generation must be added if the stars 
of the sub-system happen to fission further, as, for 
instance, they have done m the star shewn in fig 13 
The genealogy of the stars begins with a vast tenuous 
nebula filling all space, the last generation consists of 
small, shrunken, dying stars with no capacity for 
further subdivision The genealogy has been traced out 
primarily on theoretical grounds alone, but we need 
have no doubts as to its general accuracy, since ob- 
servation confirms it repeatedly and at almost every 
step Indeed it is hardly too much to say that the 
evolutionary sequence could have been discovered 
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almost equally well from observational evidence alone, 
except for the hypothetical primaeval chaos, about 
which, from the nature of the case, observation cannot 
have anything to say. 


THE ORIGIN OF THE SOLAR SYSTEM 

Almost aU observed astronomical formations can be 
placed in the evolutionary sequence we have ]ust 
discussed, either with fair certainty or with reasonable 
plausibility, except for one outstandmg and con- 
spicuous exception-the Solar System. Cosmogony 
came mto being as an attempt to discover the origin 
of the solar system The reasons why it limited its 
efforts to this particular problem are chronological, in 
the early days of cosmogony, astronomy was bamly 
conscious of anythmg outside the solar system The 
sketch ]ust given of the findings of modern scientific 
cosmogony has been remarkable in that ithas exhibited 
cosmogony taking us a tour round the whole universe, 
explaimng the origm and life-history of practi^Uy 
every obiect we encounter on this tour, and then 
becoimng speechless when it is brought back home and 
confronted with its birthplace, the solar system. 

LAPLACE’S NEBULAE HYPOTHESIS The first 
serious scientific cosmogony was that embodied in 
the famous Nebular Hypothesis of Laplace to 1755 
Kant had pictured a primaeval chaos condensing 
into spinning nebulae, and, identifying one of these 
nebulae with the sun, had unagmed the planets to be 
formed by the solidification of masses of gas shed from 
the nebula, much m the way m which we have supposed 
the stars to be bom In 1796, Laplace advanced similar 
ideas, which he developed m detail with a mathematical 
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precision quite beyond the capacities of Kant. He 
shewed how, as its shrinkage made it spin ever faster 
and faster, a rotating mass of gas would flatten out, 
develop the lenticular form we have already discussed 
(fig 3 of Plate XVI), and then proceed to eject matter 
in its equatorial plane, or rather to leave it behind as 
the shrinkage of the mam mass continued. At this 
stage it would look somewhat like the nebulae shewn 
in figs 4 and 5 of Plate XVI, although Laplace, 
being unacquainted with nebulae of this type, adduced 
Saturn surrounded by its rings as an example of the 
formation to be expected at this stage (Plate XXIV, 
p 250) Laplace imagined that the fringe of abandoned 
gas would then condense and form a single planet As 
the mam mass shrunk further, more gas was abandoned 
in the equatorial plane, which in due course condensed 
into another planet, and so on, until the sun left off 
shrinking and no more planets were born A repetition 
of the same process, but on a far smaller scale, resulted 
in the satellites being born out of the planets. 

That the hypothesis is pnma facie plausible, is 
evident from its having survived, and indeed been 
generally accepted, for nearly a century before it 
encountered any serious opposition Recently criticisms 
have accumulated, of so vital a nature as to make it 
clear that the hypothesis must be abandoned. 

The sun, according to Laplace, broke up and gave 
birth to planets through excess of rotation Yet both 
theory and observation indicate quite clearly the fate 
in store for a star which rotates too fast for safety, it 
does not found a family, but merely bursts, like an 
overdriven fly-wheel, into parts of nearly equal size 
Spectroscopic binary and multiple systems are the 
relics of stars which have broken up through excess of 
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rotation, and they do not m the least resemble the 
solar system 

Agam, the pnnciple of “conservation of angular 
momentum ” requires that the rotation of the primaeval 
sun shall persist m the rotation of the present sun, p,nd 
m the revolutions of the planets around it On addmg 
together the contributions from all of these, we obtain 
a total which ought to represent the angular momentum 
of the primaeval sun In strictness a further contribu- 
tion ought to be added on account of the weight of all 
the radiation which the sun has emitted smee the 
planets were bom. We can calculate the amount of 
this contribution, because we know the age of the earth 
with tolerable accuracy, but it proves to be entirely 
neghgible. 

The total angular momentum of the primaeval sun 
can be calculated with very fair accuracy, because more 
than 95 per cent of the total angular momentum of the 
present solar system resides m the orbital motion of 
Jupiter This contribution can be calculated with 
great exactness, so that some imcertamty m the minor 
contributions which make up the remaining 5 per cent, 
can have but little mfluence on the total 

When this total is calculated the starthng fact 
emerges that the primaeval sun cannot have had 
enough rotation to cause break-up at all Clearly the 
sun IS very far from bemg broken up by its present 
rotation Flattemng of figure is the first step towards 
break-up, and the sun’s figure is so little flattened by 
its present rotation that the most refined measurements 
have so far failed to detect any flattemng at aU On 
addmg the further angular momentum now represented 
in the motions of Jupiter and aU the other members of 
the solar system, we arrive at a primaeval sun rotatmg 



Carding out the Universe 233 

about as fast as Jupiter now rotates, and shewing about 
the same degree of flattening of figure as Jupiter — 
enough to measure quite easily in a telescope, or even 
to detect with the eye alone, but nothing like enough 
to c^use break-up 

The sun is hardly likely to have altered much since 
its planets were born, for the intervening 2000 million 
years or so represent but a minute fraction of the sun’s 
total life If, however, we imagine it to have shrunk 
appreciably in the interval, then the available amount 
of angular momentum would have been even more 
unable to break up the large primaeval sun than it is 
to break up the present shrunken sun Whichever way 
we look at it, we reach the conclusion that the sun 
cannot have broken up, as Laplace imagined, through 
excess of rotation, indeed it can never have possessed 
more than a quite tmy fraction of the amount of 
rotation needed to break it up. 

A third ob]ection is of a somewhat different charac- 
ter Laplace was a very great mathematician, and 
there was nothing the matter with his abstract mathe- 
matical theory, so far as it went More refined modern 
analysis has confirmed it at every step, and observation 
does the same, as photographs of rotating nebulae 
(Plate XVI) bear witness These photographs exhibit 
a process taking place before our eyes, which is essen- 
tially identical with that imagined by Laplace, except 
for a colossal difference of scale Everythmg happens 
quahtatively as Laplace imagined, but on a scale 
mcomparably grander than he ever dreamed of In 
these photographs the primitive nebula is not a single 
sun m the making, but contains substance sufficient to 
form hundreds of millions of suns, the condensations 
do not form puny planets of the size of our earth, but 
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are themselves suns, they are not eight or so m number, 
but must be counted m millions 

We may ask why the same thing cannot happen on 
the smaller scale imagmed by Laplace^ — ^for are not the 
conclusions of mathematics applicable independently of 
the size of the body with which we are dealing The 
answer has in effect been given already (p 218 ) Every- 
thing happens on the smaller scale according to plan 
until we come to the formation of the condensations, 
here the question of scale proves to be vital We have 
seen (p 196 ) how the molecules which form the sun have 
condensed into a star because of their great number, 
the molecules m a room do not condense into anything 
at all because they are too few. In the same way, the 
molecules left behmd by the slow shrmkage of a sun 
(assummg this for the moment to rotate rapidly enough 
to leave molecules behmd) would not condense, because 
at any instant there would be too few of them available 
for condensation They would be shed by driblets, and 
a driblet of gas does not condense but scatters into 
space A mathematical calculation decides the question 
definitely, and the decision is entirely adverse to the 
hypothesis of Laplace Apart from minor details, the 
process imagmed by Laplace explams the birth of suns 
out of nebulae, it cannot explam the birth of planets 
out of suns. 

SECOND BODY THEORIES Laplace imagined his 
sun to be alone m space, even its nearest neighbours 
being too remote to influence it m any way It was 
the natural supposition to make, we have already 
remarked how exceedmgly rare an event it must be 
for two stars to approach near enough to mfluence one 
another Yet no possible mode of evolution of a star 
which remams alone in space seems able to explam the 
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origin of the solar system As far back as 1750, BuffoD 
had suggested that the solar system might have been 
produced through the disruption of the sun by another 
body, which he described as a comet ’’ In propounding 
his Nebular Hypothesis, Laplace mentioned Buffon’s 
idea, but dismissed it somewhat curtly on the grounds 
that it seemed unable to account for the nearly circular 
orbits of the planets — ^an ill-founded objection, as we 
shall soon see Yet when we find that a single star 
cannot of itself give birth to a solar system, it becomes 
natuial to investigate what happens on the rare occa- 
sions on which the evolution of a star is directed along 
other paths by the near approach of a second star 
In 1880, Bickerton of New Zealand, reviving Buff on’s 
idea, supposed that the solar system had been formed 
by the collision of the sun with another star He 
imagined the debris of the collision to form a third 
nebulous body, condensations m which formed the 
planets He shewed how the resistance which the 
planets would encounter as they moved through the 
surrounding nebula would gradually make their orbits 
more circular, and so account for their present nearly 
circular shapes Ten years earlier, the English writer, 
R A Proctor, had advanced similar ideas, although 
with less precision In 1905 Professors Chamberlin and 
Moulton of Chicago advanced a modification of the 
same ideas, under the name of the “ Planetesimal 
Hypothesis ” Discarding the idea of material collision, 
they supposed that a passing star exerted a powerful 
tidal pull on the sun, with the result that the ordinary 
solar prominences temporarily attained an extra- 
ordinary violence, the ejected matter was supposed to 
rise to unusual heights and condense into small solid 
bodies, the ‘^planetesimals,” out of the aggregation of 
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which the planets were ultimately formed These 
various theories were all purely speculative They have 
shewn very little capacity either for surviving the acid 
test of mathematical analysis, or for explaining the 
more salient features of the solar system , none of them, 
for instance, explains why the larger planets in the 
solar system are accompanied by families of satellites 

Three years before Chamberlin and Moulton ad- 
vanced their planetesimal theory, I had speculated 
as to the possibility of tidal forces breaking up a star, 
and generating a solar system In 1916, 1 investigated 
mathematically what would actually happen when one 
star raised violent tidal forces on another The results 
I obtained seemed to me to demolish the planetesi- 
mal theory of Chamberlin and Moulton, and led me to 
put forward the present-day “'Tidal Theory,” which 
I believe a large proportion of astronomers now accept 
as giving the most probable origin of the solar system , 
it can of course make no claim to finality or certainty 

TIDAL THEOEY. When two stars or other bodies 
pass close to one another without collision, the primary 
effect must be that each raises tides m the other. The 
closer the approach, the higher the tides in general, 
although something must depend also on the speed 
with which the bodies pass one another, because this 
determines the length of time during which they 
influence one another 

It is likely that the two spiral arms which give their 
name and characteristic appearance to the spiral 
nebulae may owe their inception to a somewhat similar 
tidal action Conditions here are different m that the 
rotation of the nebulae in any case causes them to emit 
matter in their equatorial planes, so that even small 
tidal forces should then cause this matter to concentrate 
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in two syinmetrical arms Under stellar conditions a far 
closer approach is necessary to draw matter out from 
the star, and it is then most likely that there will be two 
unequal and dissimilar arms, or possibly only one arm. 

If the approach is very close indeed, the tides may 
assume an entirely different aspect from the feeble 
tides which the sun and moon raise in our oceans , they 
may take the exaggerated forms of high mountams of 
matter moving over the surface of the star An even 
closer approach may transform these mountams into 
long arms of gas drawn out from the body of the star. 
If, as will generally be the case, the two stars are of 
unequal weights, the lesser will in general suffer more 
disturbance than the weightier 

THE BIRTH OF PLANETS The long arm or fila- 
ment of matter drawn out of a star by tidal action is 
at first continuous m its structure, but analysis shews 
that it provides a fit subject for the operation of what 
we have called Gravitational Instability ’’ Condensa- 
tions begin to form in this long arm of gas, in the way 
already descnbed As before, the smaller condensa- 
tions are dissipated, while the larger increase in in- 
tensity until finally the filament breaks up into a 
number of detached masses — ^planets have been born 
out of the smaller star The pairs of nebulae shewn 
m Plate XXII and the upper half of Plate XXIII 
are very probably imder one another’s tidal mfluence, 
and may serve to suggest the general nature of the 
process we are now considering, although it must be 
remembered that whatever is happening here is on an 
enormously greater scale than that of the solar system 
— ^if it were not, the telescope would be utterly unable 
to shew it to us 

When the new-born planets first begin to move as 
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separate and independent bodies, they are acted on by 
the gravitational pulls of both stars, and so describe 
highly complicated orbits Gradually the bigger star 
recedes until its gravitational effect becomes negligible, 
and the planets are left describing orbits around the 
smaller star alone If the planets moved in a clear field 
of empty space, these orbits would be exact ellipses But 
the great cataclysm which has just occurred must have 
left all sorts of debris behind Comets, meteors and 
other minor bodies which still survive m the solar 
system may represent a small part of it, but probably 
the main part was left in the form of dust or gas, so 
that the new-born planets had at first to plough their 
way through a medium which offered some resistance 
to their motions. Under these circumstances their 
orbits would not be strict ellipses It can be proved 
that a resistance of the kind just described would 
change the shape of the orbits, and that with the 
progress of time they would become more circular, 
finally becoming absolutely circular if the medium 
should last long enough 

The debris of gas and dust would, however, con- 
tinually be swept up by the planets and would dis- 
appear completely m time, probably leaving the 
planetary orbits something short of absolute circles 
Assuming that all this has happened m the solar 
system, very little of the original debris can now remain, 
its last vestiges being probably represented by the 
particles of dust which are responsible for the zodiacal 
light Nevertheless, the resisting medium appears to 
have existed for long enough to make the orbits, both 
of the planets and of their satellites, very nearly circular 
for the most part 

The exceptional cases are fully as significant as the 
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cases of conformity Comparatively elongated orbits 
still exist m ]ust those regions where we should expect 
the primaeval resisting medium to have been most 
sparsely spread in space, namely on the outermost 
confines of the solar system and of the various satellite 
system Pluto, the outermost planet of all, has a more 
elongated orbit than any other planet Agam, m the 
systems of Jupiter and Saturn, the satellites with the 
most elongated orbits are those which are furthest away 
from then primaries In addition to this, a general 
tendency may be discerned for elongated orbits to be 
associated with small weights, both in planets and their 
satelhtes Mercury, with a weight of only a twenty- 
fifth that of the earth, has a qmte elongated orbit, as 
also to a less degree has Mars with a ninth of the weight 
of the earth An explanation of this has been suggested 
by Jeffreys Massive planets such as Jupiter and 
Saturn must have collected a large mass of the resistmg 
medium round them, and carried it through space with 
them as a far-reaching envelope The massive planets 
would have their motion checked by the mteraction of 
the whole of this big envelope with the remainder of the 
medium, and so would attam circular orbits more 
rapidly than the lighter planets which had accumu- 
lated envelopes of very much smaller dimensions And 
the same, with the appropriate modifications, is true of 
the satelhte systems. 

J effreys has calculated the rate at which planetary 
orbits would change their shape under the action of 
this resisting medium. The data of the problem are 
necessarily uncertain, and this uncertamty naturally 
affects his conclusions, but his study has yielded a 
valuable confirmation of other estimates of the length 
of time which has elapsed smce the planets were bom. 
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We may next turn our attention to the physical 
changes which must all this time be affecting the various 
planets The long filament of matter pulled out of the 
sun IS likely to have been richest in matter in its middle 
parts, these parts having been pulled out when the 
second star was nearest and its gravitational pufl was 
strongest Diagrammatically at least, we may think 
of this filament as shaped like a cigar — thick near the 
middle, thin at the ends — so that when condensations 



Fig 14 Diagrammatic scheme shewing the birth of planets out of 
a cigar-shaped filament of gas The number of satellites is indicated 
under each planet (see p 243) 

begin to form, those near the middle are likely to be 
richer in matter than those at the ends This probably 
explains why the two most massive planets, Jupiter 
and Saturn, occupy the middle positions m the 
sequence of planets. 

Fig 14 shews the planets arranged m the order of 
their distances from the sun, with their sizes drawn 
roughly to scale The thousands of asteroids whose 
orbits now fill the space between the orbits of Mars 
and Jupiter are represented as a single planet, it being 
generally supposed that these asteroids were formed 
by the break-up of what was originally a single planet 
in a way we shall shortly describe 

If we surround the planets by a continuous outline, 
as in the diagram, we can reconstruct m imagination 
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the cigar-shaped filament out of which they were pro- 
duced, and we see at once how the biggest planets were 
produced where matter was most abundant. 

The tidal theory which predicts all these features had 
been propounded, and its consequences worked out, 
many years before the new planet Pluto had been dis- 
covered Valuable support for the theory may thus be 
found in the circumstance that Pluto behaves in every 
way according to the requirements of the tidal theory. 

the birth oe satellites We have already 
noticed how the great disparity of weight between the 
bun and planets distmguishes the sun-planet formation 
from that of the normal bmary stai, and so suggests 
entirely different origms for the two formations 
Exactly the same disparity repeats itself in the planet- 
satellite systems Just as the parent sun is enormously 
more massive than its children the planets, so these in 
turn are far more massive than their satelhte children. 
The sun has 1047 times the weight of its most massive 
planet and many millions of times the weight of the 
smallest In the system of Saturn the correspon ding 
figures are 4150 and about 16,000,000 The nearest 
approachto equality ofwcights IS provided by the earth- 
moon system, the earth having only 81 times the weight 
of the moon. And, like the planetary system of the sun, 
the satellite systems of Saturn and, to a lesser degree, 
of Jupiter shew a general tendency for the weights of 
the various satellites to increase up to a maximum as 
we pass outwards from the planet, and then to decrease 
again This again suggests formation out of a cigar- 
shaped filament with matter occurrmg most richly 
near the middle In conjunction with the repetition of 
the great dispanty of weights between primary and 
secondaries, this indicates very forcibly that the 

JW 
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satellites of the planets must have been born by the 
same type of process as had previously resulted in the 
birth of their parents. 

We can imagine the process in a general way. Im- 
mediately after their birth, the planets must begin to 
cool down The largest planets, Jupiter and Saturn, 
naturally cool most slowly and the smallest most 
rapidly The latter may lose heat so speedily that they 
liquefy, and perhaps even solidify, almost immediately 
after their birth. While these events are m progress, the 
planets are still pursmng somewhat erratic orbits, in de- 
scribmg which they may pass so near to the sun that a 
second series of tidal disruptions occurs In these the 
sun itself plays the r6le origmally played by the passing 
star from space, the planets playing the part origmally 
taken by the stm. The sun may now tear long fila- 
ments of matter out of the surfaces of the planets, and 
these, forming condensations, may give birth to yet an- 
other generation of astronomical bodies, the satellites of 
the planets In some such way the tidal theory imagmes 
the planetary satellites to have come into being 
Mathematical mvestigation shews that the more liquid 
a planet was at birth, the less likely it would be to be 
broken up by the still gaseous sun. If, however, such 
a break-up occurred, the weights of primary and satel- 
lites would be more nearly equal than if the planet had 
been more gaseous Thus, on passing from wholly gaseous 
planets to planets which liquefied at or immediately 
after their birth, we should expect at first to find 
planets with large numbers of relatively small sateUites, 
and then, after passmg through the border-hne cases 
of planets with small numbers of relatively large 
satelhtes, we should expect to come to planets having 
no satelhtes at all 


A 
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We have already seen that the big central planets, 
Jupiter and Saturn, ought to have remained gaseous 
for longest and the smaller planets to have liquefied 
earliest, we now see that this prediction of theory 
exactly describes what is actually found in the solar 
system Starting from Jupiter and Saturn, each with 
nine relatively small satellites, we pass Mars with only 
two satellites, and come to the earth with its one 
relatively large satellite, followed by Venus and Mercury 
which have no satellites at all Proceeding in the other 
direction we leave Jupiter and Saturn each with their 
mne tiny satellites, to discover Uranus with four small 
satellites and Neptune with one comparatively big 
satellite The number placed under each planet in fig 14 
gives the number of its satellites When the numbers 
are exhibited in this way, the law and order in the 
arrangement of the satelhte systems becomes very 
apparent, and this arrangement is seen to be exactly 
m accordance with the prediction of the tidal theory. 
The cigar-shaped arrangement applies not only to the 
sizes of the planets, but also, as it ought, to the 
numbers of their satellites. 

The earth and Neptune, with only one satellite each, 
and those comparatively large ones, form the obvious 
lines of demarcation between planets which were ori- 
ginally liquid and those which were origmally gaseous 
This leads us to conjecture that Mercury, Venus and 
Pluto must have become liquid or solid immediately 
after birth, that the earth and Neptune were partly 
liquid and partly gaseous, and that Mars, Jupiter, 
Saturn and Uranus were born gaseous and remained 
gaseous at least until after the birth of their famihes 
of satellites 

We may perhaps find further evidence confirmatory 
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of the tidal theory in the circumstance that the weights 
of Mars and Uranus are abnormally small for their 
positions m the sequence of planets If, as we have 
supposed, the planets were all born out of a continuous 
filament of matter, the weight of Mars at birth would 
in all probability have been intermediate between 
those of the earth and Jupiter, and the weight of Uranus 
intermediate between those of Neptune and Saturn 
But if, as we have already been led to suppose, the 
two anomalous planets Mars and Uranus were the 
two smallest planets to be born in the gaseous state, 
they would be likely to lose more of their substance 
than the other planets through their outermost layers 
of molecules dissipating away into space before they 
had cooled down into the liquid state If Mars and 
Uranus are supposed to be mere relics of planets 
which were initially far more massive than they now 
are, the anomalies begin to disappear and the pieces 
of the puzzle to fit together m a very satisfactory 
manner 

ORBITAL PLANES Every rotating mass, whether 
gaseous, liquid or solid, has a definite axis of rotation, 
and, perpendicular to this, a definite equatorial plane 
which divides the mass symmetrically into two exactly 
equal and similar halves When a mass breaks up 
under its own rotation, the equatorial plane and the 
symmetry still persist Illustrations of this can be 
found m any set of photographs of rotating nebulae, 
as, for instance, those shewn m Plates XV and XVI 
In more humble hfe an illustration is provided by 
the splashes of mud thrown off by a spinning bicycle- 
wheel, which all keep m the plane in which the wheel 
IS spinning 

If the sun’s equatorial plane had proved to be a 



Carving out the Universe 245 

plane of symmetry for the solar system, so that the 
whole system was similarly arranged as regards the two 
sides of this plane, it might have been possible to 
explain the system as the result of a rotational break- 
up But the sun’s equatorial plane is not a plane 
of symmetry The planets do not move in it, most of 
them moving m a plane which makes an angle of 5 or 
6 degrees with it. In terms of our humble analogy, the 
splashes of mud are not flying about in the plane m 
which the bicycle- wheel is spinning 

The hypothesis that the planets came into being 
through a rotational break-up of the sun fails completely 
before this fact, but the tidal theory provides a simple 
explanation of it at once The sun is still rotating much 
as it was before the planets were born, and so retains 
its original equatorial plane. The quite different plane 
in, or very close to, which the planets are describing 
orbits must clearly be the plane in which the long tidal 
filament was originally drawn out by the passing star. 
Thus the plane in which the outer planets now move 
must record the position of the plane m which the two 
stars, the sun and the wandering star, the second parent 
of the sun’s family of children, described orbits about 
one another 2000 million years ago It is the only clue 
the latter has left of his identity, and is of course far 
too slight to make identification possible after this long 
lapse of time 

To sum up, we have seen that the normal mechanism 
by which the greater part of the universe has been 
carved out is the birth of successive generations of 
astronomical bodies through the action of ‘"gravita- 
tional instability.” 

The normal genealogy runs somewhat as follows , 
chaos — nebulae — stars — btnary systems — subsystems. 
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Not all stars have passed on to the last two gene- 
rations, where only a small amount of rotation was 
present, a star might well hve its whole life without 
further subdivision Our sun would have provided an 
instance of this had it not been for the rare accident of 
the close approach of a second star From the inter- 
action of these, two other generations came into being, 
stiU through the mechanism of gravitational instabihty 
For our solar system, as for any other similar systems 
there may be in the sky, the genealogy runs as follows- 

chaos — nebula — sun — planets sateThtes, 

Both types of genealogy shew five generations, each 
bom from its parent through the action of gravitational 
instabihty, and between them the two genealogies in- 
clude practically all the large-size astronomical objects 
with which we are acquainted It is then fair to say 
that “gravitational mstability” appears to be the 
agency primarily responsible for the mam architecture 
of the umverse. 

koche’s limit. The reign of gravitational m- 
stability must end with the birth of planetary satelhtes, 
smee gaseous bodies of less weight than these could not 
hold together Even under the most favourable cir- 
cumstances their feeble gravitational pulls would be 
unable to restrain them outermost molecules from 
escaping, so that the whole mass would speedily scatter 
into space. Yet astronomy provides many mstances 
of smaller bodies, we have already mentioned the 
asteroids, meteors or shootmg-stars, and the par- 
ticles of Saturn’s rmgs As all these are too small to 
have been born in the gaseous state, we must suppose 
them to be the broken-up fragments of larger masses 
This accords with the circumstance that these small 
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bodies as a rule do not occur individually but in 
swarms 

The asteroids occur as a single swarm If these were 
found scattered throughout the solar system, their 
origin might present a difficult problem As things 
are, the whole swarm can be explained quite simply as 
the broken fragments of a primaeval planet Saturn’s 
rings agam admit of a natural explanation as the frag- 
ments of a former shattered moon of Saturn Comets, 
which we have hardly had occasion to mention so far, 
are in all probability swarms of minute bodies which 
are ]ust held together sufficiently by their mutual 
gravitational attraction to describe a common orbit 
in space At its apparition in 1909, Halley’s comet was 
estimated to reflect as much of the sun’s light as a 
single body 25 miles in diameter Yet its apparent 
surface was 800,000 times that of such a body, and was 
quite transparent It is difficult to resist the conclusion 
that the comet consisted of a widely-spaced swarm 
of small bodies, and such a swarm again admits of 
a simple explanation as the broken fragments of a 
single mass 

Shooting-stars, or meteors, also are encountered m 
swarms As we shall see later, the motion of many of 
these swarms makes it possible to identify them as 
broken-up comets. Thus the broken fragments which 
compose a comet are identical with the meteors which 
we see as shootmg-stars when they penetrate into the 
earth’s atmosphere. Shapley has estimated that the 
earth’s atmosphere must catch thousands of millions 
of shooting-stars every day, of which at most only one 
m a hundred is bright enough to be visible to the naked 
eye. Generally they dissolve into vapour before they 
reach the earth’s surface (see p. 176), occasionally one 
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IS so big that the earth’s atmosphere fails to dissipate 
it entirely, and what remains of it strikes the earth as 
a solid body — a meteorite Every shooting-star and 
meteorite may be regarded as a miniature comet, con- 
sisting of only a single fragment On occasions a whole 
group of fragments, moving in parallel paths at only 
small distances apart, may strike the earth’s atmo- 
sphere and appear as a “fireball ” Generally speaking 
all the small fry of the solar system move m swarms, 
and can be naturally interpreted as the broken-up 
fragments of larger bodies 

If the meteorites are broken fragments of bodies 
which were born out of the sun at the same time as the 
planets, they must have solidified at about the same 
time as the earth, at an epoch which we have placed at 
about 2000 million years ago But if they had been 
born out of some other star, the time of their solidifi- 
cation might have been anywhere up to millions of 
millions of years ago 

Professor Paneth and two colleagues at Konigsberg 
have recently estimated the ages of various meteoric 
stones by methods similar to those employed to fix the 
age of the earth (p 154) They obtain ages which range 
from a few million years up to 2900 million years, but 
there is nothing beyond this last figure Not a single 
stone suggests an age even approaching millions of 
millions of years This provides very strong evidence 
that these stones were products of the same cataclysm 
as produced the earth, and incidentally provides 
valuable confirmation of our previous estimate of the 
earth’s age 

We can easily see how larger bodies might be broken 
up into swarms of meteors We have supposed the sun 
to have been broken up, at least to the extent of ejecting 
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a family of planets, by the tidal pull of a passing star. 
What would have happened if the passing star had not 
passed, but had come to stay'? So long as it remained 
within a certain distance of the sun, its tidal forces 
were pulling the sun to pieces We can imagine how a 
longer visit from it would have resulted in a greater 
upheaval in the sun, and the birth of a larger family 
of planets. Finally a visit of unlimited duration would 
have shattered the sun into fragments 

In 1850 Roche gave a mathematical investigation of 
this process of tidal break-up His discussion dealt 
only with solid or liquid bodies, but the underlying 
mechanism is the same whether the bodies are solid, 
liquid or gaseous We have seen that the smaller of the 
two bodies involved m a tidal encounter suffers the 
most Roche dealt only with the case in which one 
body was very small in comparison with the other, 
in such a case the small body was completely broken 
up, while the larger one remained unscathed Roche 
imagined the small body to describe an orbit of gradu- 
ally decreasing size around the big body. If the two 
bodies were of equal density, he calculated that the 
small body would be broken up as soon as the radius 
of its orbit fell to 2 45 times the radius of the large body 
If the bodies are of different density the matter is 
slightly more complicated. We must imagine the larger 
body to expand or contract until it has the same 
average density as the smaller body, the critical 
distance is then 2 45 radii of the larger body in its 
imaginary expanded or contracted state. 

This distance is generally known as Roche’s limit. 
A satellite can with safety describe a circular orbit 
about its primary so long as this orbit lies beyond 
Roche’s limit, but it is broken into fragments as soon as 
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it trespasses within the limit The following 
confirm Roche’s mathematical analysis . 

Radius of Saturn’s outermost ring 2 30 radii of 

Roche's limit 2 45 radii of 

Radius of orbit of Saturn’s innermost satellite 3 11 radii of 
Radius of orbit of Jupiter’s innermost satellite 2 54 radii of 
Radius of orbit of Mars’ innermost satellite 2 79 radii of 

At the same time they suggest very forcibly ‘tl 
Saturn’s rings are the broken-up fragments of a 
satellite which ventured into the danger-zone 
out by Roche’s limit We have seen how our own xxxo 
is destined in time to contract its orbit, until il: 
finally drawn within the Roche’s limit surrou^^i] 
the earth and broken into fragments After tb-^s i 
earth will have no moon, but will be surrounded 
rings like Saturn 

We speak of Saturn’s rings in the plural, because -t 
distinct circular gaps cause an appearance o£ 'tlcx 
detached rings There is a tendency to jump to 
hasty inference that the rings are the shattered rexxt^ 
of three distinct satellites, but it is not so Goldsbx^ox 
has shewn how certain orbits around Saturxx 
rendered unstable by the motions of the larger sat^lli 
of Saturn, so that no particle could permanex 
remain in such an orbit. He has calculated posi*fci 
for these unstable orbits, and these are found to 
exactly with the positions of the observed divisi 
between the rings Thus Saturn’s rings were in 
probability produced by the breakage of a six 
satellite The ring of small satellites which our xn 
will ultimately form round the earth will contain 
divisions, because the earth has no other moons 
render certain orbits unstable. 


PLATE XXIV 



Saturn in 191 G 



Saturn in 191T 



Zowell Ohservatory 

Saturn in 1921 

Saturn and its System of Rings 
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Roche’s fundamental idea can be extended in many 
directions and admits of varied applications There 
must, for instance, be a danger-zone, marked off by a 
Roche’s limit, surrounding the sun The distance of 
this danger-zone from the sun depends on the density 
of the body for which it is dangerous (p 249) For a 
body having the low density of a comet the distance 
will be very great indeed Whatever the distances of 
their danger-zones, comets must occasionally pass 
through them and become broken up in so doing Two 
comets, Biela’s comet (1846) and Taylor’s comet (1916), 
were observed actually to break in two while at about 
the earth’s distance from the sun, and in 1882 a comet 
was seen to divide into four parts Biela’s comet returned 
in due course (1852) m the form of two distinct comets a 
million and a half miles apart, since which time neither 
part of the original comet has been seen again The orbit 
of this comet was identical with that of the Andromedid 
meteors, which make a display of shooting-stars in the 
earth’s atmosphere on favourable 2Tths of November, so 
that it is likely that these shooting-stars are the broken 
remains of Biela’s comet Other conspicuous swarms 
of shooting-stars also move in the tracks of comets 
— ^the Leonids which used to make a magnificent show 
every 33 years move in the track of Comet 1866 1 , the 
Perseids in the track of another Comet (1862 ii), and 
the Aquands in the track of Halley’s famous comet 
In each case, there can be little doubt that the shooting- 
stars are scattered fragments of the comets Besides 
this there are several families of comets whose members 
follow one another round and round m the same orbit, 
as though they had origmally formed a single mass. 

In the same way a Roche’s limit must surround the 
planet Jupiter, so that comets and other bodies may 
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be broken up through getting inside the danger-zone 
marked off by this limit Jupiter’s innermost satellite 
IS already perilously near it But the greatest interest 
of this particular danger-zone is that it probably 
accounts for the existence of the asteroids In the 
early days of the solar system, when the orbits of the 
planets weie less nearly circular than they now are, a 
primaeval planet between Mars and Jupiter may well 
have described an orbit so elongated as to take it 
repeatedly within the danger-zone of Jupiter If so, 
we need look no further for the origin of the asteroids. 
It IS significant that the average orbit of all the 
asteroids agrees almost exactly with that of the planet 
which Bode’s law (p 19) would require to exist between 
Mars and Jupiter 



CHAPTEE V 


Stars 

The process of carving out the universe which we 
considered in the last chapter ends normally with a 
simple star, although special accidents may have other 
consequences As the result of close approaches with 
other stars, a tiny fraction of the total number of the 
stars, perhaps about one star in 100,000 (p 341 
below), may be attended by a retinue of planets. 
Another fraction, still small, although far greater than 
the foregoing, appears to have broken up as the result 
of excessive rotation, and formed binary or pei chance 
multiple systems. But the destiny of the majority of 
stars IS to pursue their paths solitary through space, 
neither breaking up of themselves nor bemg broken 
up by other stars The only contact such stars have 
with the outer universe is that they are incessantly 
pourmg away radiation mto space This outpouring of 
radiation is almost entirely a one-way process, any 
radiation a star may receive from other stars being 
quite inappreciable m comparison with the amount it 
IS itself emitting. The radiation is accompanied by a 
loss of weight, and this again is all give and no take, 
the weight of any stray matter the star may sweep up 
out of space, like that of any radiation it receives, 
being quite inappreciable in comparison with the 
weight it loses by radiation Without unduly straining 
the facts, the normal object in the sky may be ideahsed 
as a solitary body, alone in endless space, which con- 
tinually pours out radiation and receives nothmg in 
return 

In the present chapter we shall consider the sequence 
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of changes which such a star may be expected h 
experience during the course of its life Having already 
discussed the mechanical accidents to which stars ar 
liable, namely, fission through rotation and break-u] 
through the tidal action of a passing star, we now tun 
to consider the life of a normal star which escapes a] 
accidents until it finally becomes extinct through mer 
old age. 

It will be necessary m the first place to describe th 
physical states of the various types of stars observe 
in the sky, and as a preliminary to this we mus 
explain how the observations of the astronomer ai 
translated into a form which gives us direct informs 
tion as to the condition of the star 

SUBFACE-TEMPERATURE In Chapter II (p 14C 
we saw how each colour of light or wave-length ( 
radiation has a special temperature associated wit 
it, light of this colour predominating when a body 
heated up to the temperature in question For instanc< 
a body raised to what we call a red heat emits more re 
light than light of any other colour, and so looks re 
to the eye 

Thus if a star looks red, it is legitimate to infer ths 
its surface is at the temperature we describe as 
red heat If another star has the colour of the carbo 
of an arc-light, we may conclude that its surface is £ 
about the same temperature as the arc In this wa 
we can estimate the temperatures of the surfaces ( 
the stars 

In practice the procedure is not so crude as tt 
foregoing description might seem to imply The astrc 
nomer passes the light from a star through a spectr< 
scope, thus analysing it into its different colours B 
a process of exact measurement, he then determines tl 
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proportions m which the different colours of light 
occur This shews at once which colour of hght is most 
plentiful m the spectrum of the star Either from this 
or from the general distribution of colours, he can 
deduce the temperature of the star’s surface 
We have already seen (p 128) how Planck dis- 



Fig 15 Distnbution of radiation of different 
wave-lengths at various temperatures 

covered the law accordmg to which the radiation 
eimtted by a full radiator is distributed amongst the 
different colours or wave-lengths of the spectrum The 
four curves shewn m fig 15 represent the theoretical 
distnbution for the radiation emitted by sur&ces at 
the four temperatures 8000, 4000, 5000 and 6000 
degrees respectively The different wave-lengths of 
light are represented by pomts on the horizontal axis. 
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the marked wave-lengths being measured m the unit 
of a hundred-millionth part of a centimetre, which is 
usually called an Angstrom The height of the curve 
above such a point represents the abundance of radia- 
tion of the wave-length in question 

The two methods of determining stellar temperature 
will be easily understood by reference to these curves. 
The 6000 degrees curve reaches its greatest height at 
a wave-length of 4800 Angstroms, so that if light 
of wave-length 4800 Angstroms proves to be most 
abundant m the spectrum of any star, we know that 
the star’s surface has a temperature of 6000 degrees. 
The second method consists merely m examining to 
which of the theoretical curves shewn in fig. 15 the 
observed curve can be fitted most closely. 

Either of these methods indicates that the tem- 
perature of the sun’s surface is about 6000 degrees 
absolute, which is nearly twice the temperature of the 
hottest part of the electric arc The total amount of 
light and heat received on earth from the sun shews 
that the sun’s radiation must be very nearly, although 
not quite, the “full temperature radiation” (p 123) 
of a body at this temperature This is also shewn 
by the sun’s radiation being distributed among the 
various colours in a way which conforms very closely 
to the theoretical curve for a full radiator at 6000 
degrees shewn in fig. 15. 

The surface-temperature of a star can also be 
estimated from its spectral type Many of the lines in 
stellar spectra are eimtted by atoms from which one 
or more electrons have been torn oft by the heat of 
the star’s atmosphere We know the temperatures at 
which the electrons in question are first stripped off 
their atoms, and so can deduce the star’s temperature. 
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The temperatures which correspond to the different 
types of stellar spectra as shewn in Plate VIII (p 51), 
are approximately as follows 


Spectral type 

Tempeiature 

li 

23,000 

A 

11,000 

F 

7,400 

G 

6,000 

K 

5,100 

M 

3,400 


The last three entnes in the table refer only to 
normal stars having diameters comparable with that 
of the sun We shall find (p 276) that a second class 
of stars (giants) exist, whose diameters are enormously 
greater than the sun’s These have the substantially 
lower temperatures shewn below 


Spectral type 

Temperature 

Q 

5000 

K 

4200 

M 

8200 


In studying stellar structure and mechanism, we 
are less concerned with the heat of the star’s surface 
as measured by its temperature, than with the amount 
of radiation it pours out per square inch 
This of course depends on the temperature, the 
hotter a surface, the more radiation it emits But the 
temperature does not measure the quantity of radia- 
tion emitted If we double the temperature of a 
surface it emits 16 times, not twice, its previous amount 
of radiation, the radiation from each square inch of 
surface varies as the fourth power of the temperature 
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As a consequence, a star with a surface-temperature 
of 3000 degrees, or half that of the sun, emits only a 
sixteenth part as much radiation per square inch as the 
sun*^' The radiation of each star is a compound of light, 
heat and ultra-violet radiation, and the proportions of 
these are not the same in different stars , the cooler a 
stai’s surface the greater the fraction of its radiation 
which is emitted as heat Thus the star at 3000 degrees 
will emit nothing like as much as a sixteenth of the 
sun’s light per square inch, but will emit more than a 
sixteenth of the sun’s heat 

This shews that the total emission of radiation of 
a star cannot be estimated from its visual brightness 
alone, a substantial allowance must always be made 
for invisible radiations, both for the invisible heat at 
the red end of the spectrum and for the invisible 
ultra-violet radiation at the other end The importance 
of these corrections is shewn m fig 16 The four thick 
curves are identical with those already given in fig 15, 
and shew how the radiation from a star of given surface- 
temperature IS distributed over the different wave- 
lengths The total radiation emitted at any temperature 
IS of course represented by the whole area enclosed 
between the corresponding curve and the horizontal 
axis The eye is only sensitive to radiation of wave- 
lengths lyingbetween 37 50 and 7 500 Angstroms, so that 
of all this radiation only that part in the shaded strip 
is visible, all the rest representing invisible radiation 

We see at once that a fair proportion of the radiation 
emitted by a star at 6000 degrees comes within the 
range of visibility, but only a small fraction of that 
emitted by a star at 3000 degrees Taking the stars 

^ Thus IS shewn in fig 15, the area of the 3000 degree curve bem« 
only a sixteenth of the area of the GOOO degree curve 
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as a whole, star-hght forms only a small part of the 
total radiation of the stars 

If our eyes were suddenly to become sensitive to all 
kinds of radiation, and not to visual light alone, the 
appearance of the sky would undergo a strange meta- 
morphosis The red stars Betelgeux and Antares, which 
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Fig 16 Distribution of radiation into visible and invisible 

are at present only 12th and 16th m order of bright- 
ness, would flash out as the two brightest stars in the 
sky, while Sinus, at present the brightest of all, would 
smk to third place A star in the very undistinguished 
constellation of Hercules would be seen as the sixth 
brightest star m the sky It is the star a Herculis, at 
present outshone by about 250 stars As a consequence 
of Its extremely low temperature of 2650 degrees, this 
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Stax emits its radiation almost entirely in the form of 
invisible heat For instance it emits 60 times as much 
heat as the blue star rj Aurigae, -whose temperatuie is 
about 20,000 degrees, but only four-fifths as much light 
Allowances for invisible radiation have been made 
m all the calculations referred to in the present book, 
although it has not been thought necessary continually 
to restate this 

STELLAB DiAMETEES It IS easy to measure the 
diameter of a planet, because this appears m the 
telescope as a disc of finite size. But the stars aie too 
remote for their diameters to be measured in the 
same way No star appears larger in the sky than a 
pin-head held at a distance of six miles, and no tele- 
scope yet built can shew an object of this size as a 
disc All stars, even the nearest and largest, appear as 
mere points of hght*^, so that their diameters can only 
be measured by roundabout methods 

When a star’s distance is known, we can tell its 
luminosity from its apparent brightness From this, 
after allowing for invisible radiation, we can deduce 
the star’s total outpouring of energy — so many 
million million milhon milhon horse-power We also 
know its outpouring of energy per square inch of 
surface, because this depends only on its surface- 
temperature which we deduce directly from spectro- 
scopic observation, Ejaowmg these two data, it is a 
mere matter of simple division to calculate the number 
of square mches which make up the star’s surface, and 
this immediately teUs us the diameter of the star 

The diameters of exceptionally large stars may be 

* The large round images of stars shewn in the frontispiece result 
merely from over-exposure, and have nothing to do with the sizes of 
the stars. 
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measured more directly by an instrument known as 
the interferometer When we focus a telescope on a 
star we do not, strictly speaking, see only a pomt of 
light, but a pomt of light surrounded by a rather 
elaborate system of rings of alternating light and 
darkness, called a diffraction pattern It might be 
thought that the size of these rings would tell us the 
size of the star, but the two have nothmg to do with 
one another. The rings represent a mere instrumental 
defect, their size dependmg solely on the size and 
optical arrangement of the telescope Following a 
method suggested by Fizeau m 1868, Professor 
Michelson has shewn how even this defect can be 
turned to useful ends, and by its aid has produced 
what IS perhaps the most ingenious and sensational 
instrument in the service of modern astronomy — ^the 
interferometer In effect, this instrument superposes 
two separate diffraction patterns of the same star, and 
sets one oft agamst the other m such a way as to dis- 
close the size of star producing them. The diameters of 
a few of the largest stars have been measured in this 
way, so that we may say that we know their sizes 
from direct observation. In every case the directly 
measured diameter agrees fairly well, although not 
perfectly, with that calculated indirectly m the way 
already explamed The discrepancies, which are not 
serious, appear to result from red stars not bemg ac- 
curate full radiators ” in the sense explamed on p 123. 

The interferometer method is only available for the 
largest stars, but at the extreme other end of the 
scale the theory of relativity has come to the rescue. 
Einstein shewed it to be a necessary consequence of 
his theory of relativity that the spectrum of a star 
should be shifted towards the red end by an amount 
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depending on both the weight and the diameter of 
the star If, then, a star’s weight is known, the 
observed spectral shift ought immediately to tell ns 
its diameter This spectral shift has recently been, 
observed m the light received from the companion of 
Sinus, and mea&uiements of its amount lead to a value 
for the star’s diameter which agrees exactly with that 
calculated from its luminosity. Thus at both ends of 
the scale, for the very largest as well as for the very 
smallest of stars, direct observation confirms the values 
calculated for the diameters of the stars 

We may accordingly feel every confidence in the 
calculated diameters of all stars, even when these 
cannot be checked by direct measurement Indeed, 
a discrepancy between the true and calculated dia- 
meters could only arise in one way. The diameters 
are calculated on the assumption that the stars 
emit their full temperature-radiation If the stars 
had been partially transparent like the nebulae, or 
solid bodies like the moon, this assumption would 
have been false, and its falsity would at once have been 
shewn by discordances between the calculated aad 
measured diameters of the stars. The fact that no 
large discordances appear suggests that the stars emit 
nearly full temperature-radiation throughout the whole 
range of size from the largest to the smallest 

THE VARIETY OF STARS 

Observation shews that the physical characteristics 
of the stars vary enormously, so that it is easy, as we 
shall soon see, to tell a sensational story by contrasting 
extremes, setting the brightest against the dimmest:, 
the biggest agamst the smallest, and so on This would. 
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however, give a very unfair impression of the in- 
habitants of the sky; it would be like judgmg a nation 
from the giants and dwarfs, the strong men and the 
fasting men, seen inside the showman’s tent 

We shall obtain a more balanced impression of the 
actual degree of diversity shewn by the stars as a whole 
if we consider the physical states of those stars which 
are nearest the sun By takmg these precisely in the 
order in which they come, we avoid any suspicion of 
going out of our way to introduce stars merely because 
they are bizarre or exceptional The small group of stars 
obtained m this way may be expected to form a fair 
sample of the stars in the sky, although of course it 
will not be a laige enough sample to include extremes 
We need not discuss the sun itself in detail because 
it will figure as our standard star, with reference to 
winch all comparisons are made 

The System of a Centawn This system consists of 
three constituent stars, which arc believed to be our 
three nearest neighbours m space. 

The brightest, a Centaun A, is very similar to the 
sun It IS of the same colour and spectral type, but 
weighs 14 per cent, more and is about 12 per cent 
more luminous Bemg of the same colour as the sun, 
it emits the same amount of radiation per square inch 
Thus its 12 per cent greater lununosity shews that 
it must have a surface 12 per cent greater, and there- 
fore a diameter 6 per cent, greater, than the sun 
The second constituent, a Centauri B, is considerably 
redder than the sun, its surface-temperature bemg only 
about 4400 degrees against the sim’s 6000 degrees or 
so. It has 97 per cent of the sun’s weight, but only 
about a third of its lummosity. Yet, as a consequence 
of its low temperature, it needs 50 per cent, more 
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area than the sun to discharge a third of the sun’s 
radiation , this makes its diameter 22 per cent greater 
than that of the sun a Centauri A and a Centauri B 
together foim a visual binary, the two components 
revolving about one another in a period of 79 years 
Neither of these two constituents is very dissimilai 
from the sun, but the third star of the system, Proxima 
Centauri, is of an altogether different type It is red 
in colour, with a surface-temperature of only about 
3000 degrees It is exceedingly dim, emitting only a 
ten-thousandth part as much light as the sun, and has 



Fig 17 The System of a Centauu, with the Sun foi comparison 


only a fourteenth part of the sun’s diameter. Its 
weight IS unknown. 

The sizes of the three stars of this system, with that 
of the sun for comparison, are shewn in fig 17 

Mv/nich 15040 This is a single faint star about which 
little IS known. Its surface is red, with a temperature 
probably little above 2500 degrees, and it emits only 
^th of the light of the sun. 

WolJ 359, This is the faintest star yet discovered, 
hut beyond this very little is known about it. It is red 

in colour and emits only about g^^th of the light of 
the snn. 
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Ldlande 21185. Another famt red star, emitting 
^th of the light of the sun. 

The System of Sinus. This consists of two very dis- 
similar stars, there being some suspicion that a third 
also may exist. 

The principal star, Sinus A, winch appears as the 
hnghtest star in the sky (the Dog-star), is white in colour 
and has a surfacc-temperaturc of about 11,000 degrees 
As this IS neaily twice the sun’s temperature. Sinus A 
emits nearly 16 times as much radiation per square 
mch as the sun Its luminosity is about 26 times that 
of the sun, and this requires the star’s diameter to be 
58 per cent greater than that of the sun. It has nearly 


o 
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Pig 18 . The System of Sirius, with the 
Sun for comparison 

four times the sun’s volume, but only 2 45 times its 
weight, so that matter is not as closely packed m 
Sirius A as in the sun An average cubic metre contains 
1 42 ton m the sun, but only 0 98 ton in Sirius A 
The faint companion Sinus B is one of the most 
mterestmg stars in the sky It is of nearly the same 
colour and spectral type as Sinus A, but emits only a 
ten-thousandth part as much light After aJlowmg for 
the slight difference m surface-temperature, we find 
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that its surface is only ;r^th, and its diameter -i^tli 

of that of Sirius Yet Sinus A weighs only three 
times as much as Smus B, although having 125,000 
times its volume. It is not Sinus A hut Sinus B that 
IS remarkable; the average density of matter in the 
latter is about 60,000 times that of water, the average 
cubic inch containing nearly a Ion of matter Fig 18 
shews the sizes of the two components of Sinus drawn 
to the same scale as fig 17. 

B.D 12° 4523 and Innes 11 h. 12 m , 57 2° Two 
stars, as to the physical state of which nothing is 
known, except that they are very faint, emitting 

jj^th and jy^th of the sun’s light respectively 
Cordoba 5 h. 343 and t Ceh Two faint stars, both 
of reddish colour, emitting ^th and a third of the 
sun’s light respectively 

o 

The San 

A B 

Fig 19 The System of Procyon, witli the 
Sun for comparison 

The System of Procyon This is a binary system, 
^milar in many respects to Sinus. The mam star, 
Procyon is of the same general type as the sun, 
but weighs 24 per cent, more, and emits times as 
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much hght Its smface-temperature is about 7000 
degrees, and its diameter is 1 80 times that of the sun. 

The famt companion, Procyon B, is so faint that 
nothmg is known as to its physical condition except 

that It emits only gjj^th of the hght of the sun Its 

weight IS 89 per cent, of the sun’s weight 
Fig 19 shews the sizes of the two components of 
Procyon on the same scale as before 
Next m ordei, as wc recede from the sun, come 
eight very imdistinguished stars, every one of which 
IS redder and fainter than the sun, none of them having 
a surface-temperature higher than 5000 degrees, and 
none of them emitting more than a quarter of the 
sun’s hght. Aftei these we come to 
The System of Kruger 60 This is a binary system 
in which both components are small, red and dim 


O 

A B IhcSao 

Fig 20 The System of Kruger CO, with the 
Suu for eompanson 

The brighter component, Kruger 60 A, has a surface- 
temperature of 8200 degrees, and emits ^th of the 

hght of the sun Its diameter is a third, and its weight 
a quarter of the sun’s, so that its substance must be 
packed about 7 times as closely as that of the sun 
The famter component, Kruger 60 B, has a similar 

surface-temperature but ermts only jj^th of the sun’s 
hght Its diameter is a sixth, and its weight a fifth of 
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the sun’s, so that its substance must be packed about 
40 times as closely as that of the sun The system is 
illustrated m fig 20. 

van Maanen's star Another veiy faint star, which 
has the high surface-tempeiature of 7000 degrees 

Notwithstanding this, it only emits ^^th of the sun’s 
light Consequently its diameter is only about 

of the sun’s, the star being if anything smaller than 
the earth Its weight is unknown, but its substance is 
in all probability packed even more closely than m 
Sinus B 

The discussion of this sample of stars suggests that 
the majority of stars in space are smaller, cooler and 
fainter than the sun. Stars exist which are far brighter 
than the sun, but they are exceptional, the average 
star in the sky being a small dull dim affair in com- 
parison with our sun 

With this sample of the average population of the 
sky before us, we may proceed to discuss the various 
characteristics of stars in a systematic way, without 
fearing to mention extremes. Let us begin with their 
weights 

STELLAB WEIGHTS The two stars of smallest 
known weight in the whole sky are the faint con- 
stituent of Kruger 60, just discussed, and the faintest 
constituent of the triple system Eridani, each of 
which has a fifth of the sun’s weight. But the stars 
whose weights are known are so few that there can 
be no justification for supposing these to be the 
smallest weights which occur in the whole universe 
of stars A general survey of the situation, on lines to 
be indicated later (p. 281), suggests that there may 
be many stars of still smaller weight, but that very 
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few are likely to have weights which are eaormously 
smaller Piobably very few stars weigh as httle as a 
tenth of the sun’s weight 

The vast majority of stars have weights inter- 
mediate between this and ten times the sun’s weight. 
Stars which weigh even three times as much as the 
sun are rare, those which weigh ten times as much 
are very rare, probably only about one star m 100,000 
having ten times the weight of the sun Even higher 
weights undoubtedly occur — ^we have already men- 
tioned Plaskett’s star, whose two constituents have 
more than 75 and 63 times the sun’s weight respectively, 
and the quadruple system 27 Cams Majoris which to 
all appearances weighs 940 times as much as the sun 
— but such mstances are very, very unusual. We may 
say that as a general rule the weights of the stars he 
within the range of from a tenth to ten times the stm’s 
weight, and we shall find that stars differ less in their 
weights than in most of their other physical charac- 
teristics 

LUMINOSITY A far greater range is shewn, for 
instance, in the luminosities of the stars — ^m their 
candle-powers measured in terms of the sun’s candle- 
power as unity The most lummous star known is 
S Doradus, already mentioned, with 800,000 times 
the lummosity of the sun, while the least lummous is 
Wolf 359 with only a fifty-thousandth part of the 
luminosity of the sun The range of stellar lummosities, 
as of stellai weights, extends about equally on the 
two sides of the sun, so that the sun is rather a medium 
star m respect both of weight and lummosity. It is 
medium m the sense of bemg about half-way between 
extremes, but we have seen that there are many more 
stars below than above it. 
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In comparison with the very moderate range of 
stellar weights, the range of luminosity is enormous, 
S Doradus is 15,000,000,000 times as luminous as 
Wolf 859. If S Doradus is a lighthouse, Wolf 859 is 
something less than a firefly, the sun being an ordinary 
candle If the sun suddenly started to emit as much 
light and heat as S Doradus, the temperature of the 
earth and everything on it would run up to about 
7000 degrees, so that both we and the solid earth 
would disappear into a cloud of vapour On the other 
hand, if the sun’s emission of light and heat were 
suddenly to sink to that of Wolf 359, people at the 
earth’s equator would find that their new sun only 
gave as much light and heat at mid-day as a coal fire 
a mile away, we should all be frozen solid, while the 
earth’s atmosphere would surround us in the form of 
an ocean of liquid air So far as we know, there is no 
possibility of the sun suddenly beginning to behave 
like S Doradus, but we shall see later that the possi- 
bility of its behaving like Wolf 359 is not altogether 
a visionary dream 

SUErACE-TEMPERATURE AND RADIATION. SlHUS 
has been found to have the highest surface-temperature 
of all the stars near the sun, it is about 11,000 degrees, 
or nearly double that of the sun. Going further afield, 
we find many stars with far higher surface-tempera- 
tures For instance, Plaskett’s star is credited with a 
temperature of 28,000 degrees, although it must be 
admitted that a substantial element of uncertainty 
enters into aU estimates of very high stellar tem- 
peratures 

At the other extreme, stellar temperatures ranging 
down to about 2500 degrees are comparatively common 
The lowest temperatures of all are confined to variable 
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stars of a very special type (long period variables) in 
whieh the light-variation is accompanied by, and 
indeed mainly arises from, a variation m the tem- 
perature of the star’s suiface. The temperature of 
these stais when at the lowest, ranges down to 1650 
degrees, which is but little above the temperature of 
an ordinary coal fire In many of them, the tem- 
perature varies through a large range, but it never 
sinks so low that the star becomes completely in- 
visible Thus there is a range of temperature below 
about 2500 degrees which no star is known to occupy, 
except for the long-period variables which only enter 
it at intervals This would seem to suggest that the 
number of absolutely dark stars in the sky is relatively 
small. Other lines of evidence lead to the same con- 
clusion If a star ceased to shme, its gravitational pull 
would still betray its existence Although we could not 
detect a single dark star in this way, we could detect a 
multitude If a great proportion of stars were dark, we 
should probably suspect the existence of the dark stars 
from their effects on the motions of the remainder, so 
that general gravitational considerations preclude the 
possibility of there being a great number of dark stars. 

So far as our present knowledge goes, the tempera- 
ture of stellar surfaces ranges, in the mam, from about 
30,000 degrees down to about 2500, the lower limit 
being extended to about 1650 for long-period variables 
at their lowest temperatures 

Apart from the long-period variables, this is only a 
12 to 1 range, so that the temperatures of the stars 
are more uniform than either their luminosities or their 
weights We must, however, remember that a star’s 
radiation per square inch is far more fundamental 
than its surface-temperature, and that a 12 to 1 range 
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in the latter involves a range of over 20,000 to 1 in 
the former If we include the long-period variables, 
there is a range of about 110,000 to 1 in the emission of 
radiation per square inch. 

In terms of horse-power, the sun emits energy at 
the rate of 50 horse-power per square inch, a star 
with a surface-temperature of 1650 degrees emits only 
0 35 horse-power per square inch, while Plaskctt’s star, 
with a surface-temperature of 28,000 degrees, emits 
about 28,000 horse-power per square inch In plain 
English, each square inch of this last star pours out 
enough energy to keep an Atlantic liner going at full 
speed, hour after hour, and century after century. 
And the energy emitted per square inch by the sui faces 
of various stars covers the whole range from the power 
of a liner to that of a man in a row-boat. 

SIZE. The four stars of largest known diameter are 
the following 


Star 

Diameter m 
terms of sun 

Diameter 
in miles 

Antares 
a irerculis 
o Ceti (at max ) 
Betelgeirjv (average) 

450 
about 400 

300 

250 

390,000,000 

340.000. 000 

260.000. 000 
210,000,000 


All these diameters have been measured directly by 
the interferometer On the scale used m figs IT to 20, 
in which the sun is about the size of a sixpence, the 
circle necessary to represent o Ceti would be as large 
as the floor of a good-sized room, while the second 
star of the system (for o Ceti is binary) would be the 
size of a gram of sand We may obtain some idea of 
the immense size of these stars by noticing that every 
one of their diameters is larger than the diameter of 
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the eaith’s orbit, so that if the sun were to expand to 
the size of any one of them we should find ourselves 
inside it 

These stars must be exceedingly tenuous Antares, for 
instance, occupies 90,000,000 times as much space as 
the sun, so that if its substance were as closely packed, 
it would weigh 90,000,000 times as much as the sun 
Yet, m actual fact, it probably has only about 40 or 
50 times the sun’s weight, the difference between this 
number and 90,000,000 arismg from the difference 
between the densities of Antares and the sun On the 
aveiage a ton of matter m the sun occupies consider- 
ably less than a cubic yard, m Antares it occupies 
rather more space than the mtciior of Samt Paul’s 
Cathedial Yet a detailed study of stellar interiois 
shews that we can attach but httle meaning to an 
average of this sort It is quite hkely that matter at 
the centre of Antaies is packed nearly (but not quite) 
as closely as mattei at the centre of the sun (p 291 
below) The huge size of Antares is probably due 
mamly to an enormously extended atmosphere of 
very tenuous gas, and there is not much point in 
striking an average between this and the compact 
matter at the centre of the star 

The mysterious objects known as planetary nebulae, 
of which examples are shewn m Plate II (p 28), ought 
peihaps to be regarded as stars of stiU larger diameter. 
At the centre of each of these the telescope discloses 
a comparatively faint star with an extremely high 
surface-temperature Surrounding this is the nebu- 
losity from which these objects derive their somewhat 
unfortunate name This is in aU probability merely 
an atmosphere of even greater extent than that sur- 
roundmg the four stars of our table Van Maancn 
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estimates the diameter of the nebulosity of the Ring 
Nebula in Lyra (fig 2 of Plate II) to be 570 times that 
of the earth’s orbit, or about 106,000,000,000 miles 
This nebulosity, however, diffeis from the atmosphere 
of an ordinary star in being very nearly transparent, 
we can see through 106,000,000,000 miles of the Ring 
Nebula but can only see a few tens or hundreds of 
miles into an ordinary star 

At the other extreme of size, the smallest known 
star, van Maanen’s star (p 268) is ]ust about as large 
as the earth, over a million such stars could be packed 
inside the sun and still leave room to spare And yet 
its weight is in all probability comparable, not with 
that of the earth, but with that of the sun; at a guess 
it may have about a fifth of the sun’s weight To pack 
a fifth of the sun’s substance inside a globe of the 
size of the earth, the aveiage ton of matter must be 
packed into a space of about the size of a small cherry 
— ^ten tons or so to the cubic inch. The solidity of the 
earth suggests that its atoms must be packed pretty 
closely together, but the atoms in van Maanen’s stai 
must be packed 66,000 times more closely 

How is it done"^ As we shall shortly see, there n 
only one possible answer The atom consists mostly o 
emptiness — ^we compared the carbon atom to six wasp; 
buzzing about in Wateiloo Station Let us break th( 
atom up into its constituent parts, pack these to 
gether as closely as they will go, and we see the wa] 
in which matter is packed m van Maanen’s star Sn 
wasps which can roam throughout the whole o 
Waterloo Station can nevertheless be packed insid* 
a very small box 

GIANTS AND DWARFS There IS a contmuou 
series of stars between the limits of weight we hav 
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mentioned, and the same is true of the limits of tem- 
perature (and so also of colour) and of size 
Withm these specified limits, I can find you a star 
of any weight or of any colour or of any size you like. 
But this does not mean that you may specify the 
weight and colour and size of the star you want, and 



Fig 21 Stars at different colours ariangecl in order of luminosity 

that I will undertake to find it for you, if the weight 
IS right the colour may be wrong, and so on For 
instance, if you ask for a red star I can find you a very 
heavy one or a very light one, but it is no good your 
asking for one of mtermediate weight So far as we 
know, red stars of intermediate weight simply do not 
exist The same is true as regards size — ^there are no 
red stars of intermediate size. Hertzsprung noticed 
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m 1905 that the red stars could be divided sharply 
into two distinct classes characterised by large and 
small size — he called them Giants and Dwarfs Russell, 
studying the question further in 1913, confirmed Hertz- 
sprung’s earlier conclusions, and shewed that the 
giant-dwarf division extended to stars of other colours 
than red. 

Imagine that we have a sciics of coloured ladders, 
one for each colour of star — red, orange, etc Take all 
the red stars and stand them (in imagination) on the 
different rungs of the red ladder Do not merely place 
them on at random, arrange them in order of their 
luminosities, placing those of highest luminosity upper- 
most. Further let several stais stand on the same rung 
if their luminosities are about equal To make the 
arrangement definite, let each rung of the ladder repre- 
sent 5 times higher luminosity than the rung im- 
mediately below it, so that each rung has a definite 
luminosity associated with li* 

With this agreement we aie now ready to proceed 
We take our red stars and place each on the ap])ro- 
priate rung of the red ladder, and so on for each other 
colour The result is shewn diagrammatically m fig 21, 
the different stars being represented by crosses 

The red stars wiU be found to he as on the right of 
the diagram, Hertzsprung’s division into giants and 
dwarfs being very cleaily marked The orange stars 
he as on the next ladder to the left, as Russell found, 
the division again appears, but is less marked 

THE uussELL DIAGRAM Let US makc ladder 
diagrams of this kind for each colour of star, and put 

* For purely practical leasons the height is not taken propor- 
tional to the lummobity but to its logarithm, without some such 
device as this it would be impossible to represent the range of more 
than 1,000,000 to 1 in the observed luminosities of red stars 
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them side by side in then propei order, so as to le- 
present stars of all possible colours Wc obtain a 
diagram of the kind shewn in fig. 22 This type of 
diagram was introduced by Russell in 1918, and is 
now generally known as a Russell diagiam 

The letters at the top of the diagram repiescnt 
spectral types of stars, because these provide a better 
and more exact working classification than the names 
of colours The colours which approximately corre- 
spond to the vaiious spectral types are indicated at 
the bottom of the diagram 

Only a veiy few sample stars arc shewn, but all 
known stars are found to be concentrated around the 
positions of these few typical stais Broadly speaking, 
there are two distinct and discoimccted regions which 
are occupied by stars First, and most important, is 
a region shaped rather like a reveiscd y the central line 
of this region is marked in by a continuous thick line, 
following a determination of its position by Redman 
Second, there is a smaller region near the left-hand 
bottom cornel of the diagram. The stars which occupy 
this region are very faint, and have far higher surface- 
temperatures than other stars of similar luminosity. 

We have already seen how a star’s diameter can be 
calculated from its surface-temperature and luminosity 
This amounts to the same thing as saying that two 
stars which occupy the same position in the Russell 
diagram must have the same diameter Thus there is 
a definite diameter associated with each point in the 
diagram, and we can map out stellar diameters in the 
diagram, ]ust as we can map out heights above sea- 
level on a geographical map, by a system of “ contour 
lines ” In the present case the “contour lines” prove 
to be a system of almost paiallcl curves These he 
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roughly as shewn by the broken lines in fig 22, all stars 
lying on any one line having the same diameter 

This diagram throws a flood of light on the general 
question of stellar diameters. We see at once that 
stars of the biggest diameters — 100 times the sun s 
diameter or more — ^must necessarily be red stars of 
high luminosity And in actual fact the stars of large 
diameter shewn in the table on p 272 are all red and 
have very high luminosities; they are red giants. 

The majority of the stars in the sky he in the belt 
which runs across the diagram of fig 22 from top left- 
hand to bottom right-hand This is known as the 
“mam-sequence” The position of this band with 
reference to the “contour lines” of diameters shews 
that mam-sequence stars are of moderate diameters 
The brightest of all may have twenty times the diameter 
of the sun, while the faintest may have only about a 
twentieth of the sun’s diameter, but they all have 
diameters which are at least comparable with that of 
the sun The sample of stars from near the sun, which 
we have already discussed, provides many instances of 
main-sequence stars, we have, in order of decreasing 
luminosity 


star 


Sinus A 
Procyon A 
a Centaun A 
Sun 

a Centaun B 
r Ceti 
€ Indi 

Kruger 60 A 

ft ^ 

Wolf 859 


Luimnosity 


26 3 
55 
112 
100 
0 82 
0 82 
015 
0 0026 
0 0007 
0 00002 


Diameter (in 
terms of sun) 


1 58 
1 80 
1 07 
1 00 
1 22 
0 95 
0 82 
0 33 
017 
0 08 
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This table shews clearly how stellar luminosity and 
diameter decrease togethei as we pass down the main- 
sequence. - 

The remaining group of stars m fig 22, those in the 
bottom left-hand corner, are generally known as 
“white dwarfs ” Their position m the diagiam shews 
that their diameters must be excessively small The 
vicinity of the sun provides three examples of this 


Star 

Luminosity 

Diameter (m 
terms of sun) 

Sinus B 

0 002C 

0 03 

©2 Eridani B 

0 0031 

0 018 

van Maanen’s star 

0 00016 

0 000 

— 


— - — wic liiLLii companion oi o Ueti 
is certainly a white dwarf, while Procyon B may be 
Ihese are the only known examples of white dwaifs, 
but the extreme faintness of these stars makes them 
very difficult of detection, so that it is quite likely that 
they are fairly frequent objects in space 
In the table on p 279, the mam-sequence stars were 
intended to be arranged in the order of luminosity, 
but tffis happens also to be the order of weights The 
weights of three of the stars are unknown; those of 
tile remainder are as follows 


Star 

Luminosity 

Weight (m 
terms of sun) 

Sinus A 

Procyon A 
a Centauri A 
Sun 

a Centauri B 
Kruger 60 A 
» B 

26 3 

55 

1 12 

100 

0 32 

0 0026 

0 0007 

2 45 

124 

1 14 

1 00 

0 97 

0 25 

0 20 





Stars 281 

Like the luminosities, the weights fall oK steadily as 
we pass down the mam-sequence, although, as already 
remarked, weight falls far less rapidly than lummosity 

The only stars whose weights can be measured 
directly aie the components of bmary systems, and 
these aic relatively few in number. Scares found, 
however, that the weights of bmary systems con- 
formed to the law of equipartition of energy already 
explained in Chapter ni, so that it is highly probable 
that other stars which are not bmary also conform, 
for it IS difficult to imagine any reason why binary 
systems should attain to a state of equipartition sooner 
than other stars It will be remembered that this 
state IS defined by a purely statistical law connecting 
the weights and speeds of motion of stars, so that the 
fact that a system of stars has attained this state can 
give no information as to the weight of an individual 
star whose speed is known, but it makes it possible to 
determine the average weight of any group of stars 
in terms of their average speeds of motion. In this 
way Seares has determined the average weights of 
stars of different assigned luminosities and spectral 
types — ^in other words, the average weights of the 
stars represented at the various points m the diagram 
of fig 22 The results he obtained are shewn by the 
thick curved lines in fig 23. The arrangement of these 
curves confirms the inference we have drawn from a 
few selected stars, the weight of main-sequence stars 
falls off steadily as we pass down the sequence from 
high luminosity to low. 

These curved hnes specify the average weight ot 
the stars represented at each pomt in the RusseU 
diagram, and the diameters are already known from 
fig 22 From these two data the mean density of the 
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star can of course be calculated. The mean densities 
as calculated by Seares are shewn by the biokcn lines 
m fig 23 

This completes our collection of obKservatioiuil 
material We now turn to the far more difficult problem 



; 1,000.000 


Kioo,ow 


Weight 


\ /1 0,000 

— 


100 
10 I 


-fL—J ^ 1 I I XiPens, y==1 ' 

Blu.e Whifcp — ^^^17 ^ — LI I 

<>3 St II i, Orange Red. 

o - SteUar weights and densities in the Russell diagram 
according to Seares iiiagram, 

Of discussing what it all means Here wc leave the 

moraS^'^of conlectartypoti 

gm the whole of astronomy, to which it must 
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be admitted that science has so far obtained only 
lamentably dusty answers The reader who is hot for 
certainties may prefer to read something other than 
the remainder of the present chapter. 

THE PHYSICAL CONDITION OF THE STARS 
The foregoing collection of observational data has 
provided abundant proof that stars to certam speci- 
fications do not exist at all To put the same thing in 
another way, there are certam regions m the Russell 
diagram which are wholly unoccupied by stars 

To take the most conspicuous instance of all, there 
are no stars at all to the left of the main-sequence m 
the RusseU diagram (fig 22), until we come to the 
qmte detached group of white dwarfs Why are there 
no stars m intermediate conditions? Why, to make the 
example still more precise, does no star exist of the 
same colour as Sirius but with only a tenth of its lumi- 
nosity’ Why do we have to go down to the white dwarf 
oj Eridam S, with a lummosity of only a ten-thousandth 
of that of Sirius, before we can find a star to match 
Sinus m colour? 

A hypothesis which occurs naturally to the mmd 
IS that the mam-sequence stars and the white dwarfs 
may form distmct groups because they are of entirely 
different ages— they may represent distmct creations 
As stars age they decrease in weight and m lummosity, 
so that it IS natural to mterpret the small w^hts 
and extremely low lummosity of the white dwarfs ^ 
evidence of an age far greater than the age of the 
normal mam-sequence stars Yet this hypothesis does 
not appear to be tenable. 

With the smgle exception of van Maanen s sto, 
every star which is either known or suspected to be 
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a wlute dwarf forms one component of a binary system, 
and in every case its companion is a main-scqucncc 
star or (in the case of o Ceti) a red giant. We have 
already seen how rare it is for two stars to approach 
near to one anothei in space It must be an almost 
inconceivably rare event for two stars, originally 
movmg as independent bodies, so to meet in their 
random wandermgs, that the big one “captures” the 
I e one, and they hencefoith journey together 
through space For it can be shewn that, for such an 
event to occur, something more than a close approach 
IS needed; a close approach must take place in the 
presence of yet a third star, so that no fewer than 
ee stars must chance to come near one another 
simidtaneously in their wandermgs through the vast 

th^r^r^Tj' ? inconceivable that 

IS shouM happen in a single instance, but it is 

frSi ^ P^fcabitoes too tor to suppose that rt 
dwarf ho? “ 

dwarf but one Thus we have to suppose that the 

bee^^toIrtS companions have 

samebmfnS Ti? born at the 

same time out of the same nebula 

The difference between white dwarfs and main- 

S^an'd ifw^ cannot, then, be a mere difference of 
age, and it would seem as though there must be some 
physical reason mihtatmg against the existence of stars 

of the ^^Ltmn ^ general view 

tletneS'quXon^ 

of the stars. ^ ^ ^ structure and mechanism 
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the internal constitution 
OF the stars 

Most investigations on the structure of the stars have 
proceeded on the supposition that their interiors are 
gaseous throughout Without accepting this supposi- 
tion as final truth, we may adopt it for the moment, 
for the purely opportunist reason that it provides the 
most convenient hne of approach to an excessively 
difficult problem 

A mathematical theorem, generally known as 
Poincard’s theorem, proves to be of the utmost service 
in discussing the mternal state of a gaseous star. We 
have seen how Helmholtz thought that the energy of 
the sun’s radiation might come from the sun’s con- 
traction, each layei fallmg m upon the next mner 
layer as the latter shrunk, and transforming the energy 
set free by its fall into heat and light. It is easy to 
estimate how much energy would be set free by a 
contraction of this kind. For instance. Lord Kelvm 
calculated that the contraction of the sun, as it shrunk 
from infinite size to its present diameter of 865,000 
miles, would liberate about as much energy as the sun 
now radiates in 50 milhon years. In terms of ergs, the 
sun’s shrinkage would liberate 6 x 10*8 ergs of energy. 

Pomcard’s theorem states that the total energy of 
motion of all the molecules in any gaseous star what- 
ever IS equal to precisely half the total energy which 
the star would have hberated m shrinking down to its 
present size. The theorem is true quite mdependently 
of whether the star ever has so shrunk or not: nothmg 
is involved hut the present state of the star. 

One mterestmg consequence is that the further a 
gaseous star shrmks, the hotter it becomes, if a star 
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shrinks to half its present size, the total energy set 
free by its shrinkage from infinite size is doubled, so 
that the total energy of motion of its molecules is 
doubled, and therefore its average temperature is 
doubled This is a special case of what is generally 
known as Lane’s law 

Let us go on with our calculation for the special 
case of the sun Poincare’s theorem tells us that, if 
the sun is gaseous, the total energy of motion of all 
its molecules is 3 x 10^^ ergs The next thing we want 
^know^is how many molecules there are in the sun. 
The sun’s weight is 2 x 10^® giammes, but how many 
molecules are there to a gramme The answer of 
course depends on the type of molecule concerned; 
t ere are 3 x molecules in a gramme of hydrogen, 

2 X 10^2 m a gramme of air and only 2 5 x 10^^ m a 
gramme of uranium 

If we suppose the sun to be made of air, it must 
consist of 4 X 10^^ molecules, so that the average energy 
ot motion of each molecule must be 7 5 x lO-^ergs, 
and this represents an average temperature, for the 
sun s interior, of 375 million degrees In 1907 Emdcn, 
by a different calculation, found that if the sun were 
made of air, the Umperature at its centre would be 
455 million degrees Apart from details, it is clear that 

e interior temperature of a sun made of air would be 
one of hundreds of millions of degrees. 

So far all study of stellar interiors had proceeded on 
he supposition that the stars were formed of complete 

^ ^ simple 

f already explained on p 141, 

S suTt radiation which fly about 

merely to break up the molecules of air into atoms, but 
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also to strip all, or nearly all, of the electrons from 
the atoms. At such temperatures each molecule of air 
would break up into its constituent nuclei and electrons 
]ust as surely as, on a hot day, a lump of ice breaks 
up into its constituent molecules The electric forces 
which, in quieter surroundings, would unite the 
electrons and nuclei, first into atoms and then into 
complete molecules, find themselves powerless against 
the incessant hail of rapidly moving projectiles and the 
shattering blows of quanta of high energy , it would be 
like trying to build a house of cards in a hurricane. 
A sun consisting of molecules of air proves to be an 
inconsistency, a contradiction, our hypothesis has 
defeated itself, and we must start again from the 
beginning 

We may start wherever we like, but the conclusion 
which we must finally reach is that, no matter what 
kind of molecules the sun consists of, the heat at the 
sun’s centre will break them up, either completely or 
nearly so, into their constituent nuclei and electrons. 
The same is true for all other stars, and this mtroduces 
an extreme simplification into the problem of the 
interior constitution of the stars We cannot say how 
many complete molecules there are to a gramme 
without knowing the nature of the molecules, but once 
let these molecules be broken up into their con- 
stituent parts, and we know at once the total number 
of constituent parts, nuclei and electrons, which go to 
make up a gramme For, the atomic weights of all 
elements except hydrogen are nearly double their 
atomic numbers (p 110) Hence, as Eddington first 
pointed out, the total number of nuclei and protons 
m a fuUy broken-up atom of any substance except 
hydrogen must be equal to about half the atomic weight 
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of the atom We may probably disregard the possi- 
bility of a star consisting to any great extent of 
hydrogen If so, the number of constituent parts in 
a gramme of fully broken-up stellar matter must be 
about 3 X 1023, regardless of the type of molecule from 
which these parts originate And when we know the 
total number of such parts in any star, it becomes 
easy to calculate the temperature of the star’s interior, 
either from the theoiem of Poincard just mentioned 
or otherwise The temperature will be the same as 
though the star were made of unbroken molecules of 
hydrogen 

Emden calculated in 1907 that the central tempera- 
ture of a sun of this kind would be about 31,500,000 
degrees Later and more refined calculations by 
Eddington led to an almost identical temperature, but 
some still later calculations of my own give the sub- 
stantially higher figure of 55,000,000 degrees. There is 
no need for the moment to discuss which of these 
figures is nearest the truth Their divcisity will in- 
dicate what kind of degree of uncertainty attaches io 
all calculations of this type 

It IS easy to see the physical necessity for this high 
temperature The heat which flows away from the 
sun’s surface must first have been brought there from 
Its interior Heat only flows from a hotter to a cooler 
place, and a vigorous flow of heat is evidence of a 
steep temperature gradient The temperature must rise 
sharply as we pass from the sun’s surface towards its 
centre, and this rise, continued along the whole 433,000 
miles to the centre, must result in a very high tem- 
perature indeed being reached there 

The calculated central temperature of 30 to 60 
million degrees so far transcends our experience that 
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are less completely bioken up Finally, close to the 
sun’s surface, we may meet atoms which arc com- 
pletely formed except perhaps for one or two of their 
outermost electrons In the suifaces of the coolest 
stais of all, we even find complete molecules, as, for 
example, the molecules of titanium oxide and mag- 
nesium hydride, which shew themselves in the spectra 
of the red stars 

When the internal constitution of other stars is in- 
vestigated in the same way, all main-sequcnce stars 
are found to have about the same central temperatures 
as the sun Moreover, this is not the only property 
which they have m common Fig 23, which exhibits 
Scares’ calculations of mean stellar densities, shews 
that the mean densities of main-sequence stars are 
all appioximately the same, except for comparatively 
small deviations at the two extremities 

The mean density of the sun is 1 4, which means 
that the average cubic metre in the sun contains 1 4 
ton of matter At the sun’s centre, the density is 
about 100 times this, so that a cubic metre there con- 
tains about 140 tons of matter For comparison, a 
cubic metie of lead contains only about 11 tons If all 
stars were built on the same model as the sun, any 
two stars which had the same mean density would 
also have equal densities at their centres But in stars 
having several tunes the weight of the sun, a new 
factor comes mto play, namely pressure of radiation 

^the pressure which radiation exerts in virtue of the 
weight It carries about with it In most stars this 
pressure is msigmficant in comparison with the pres- 
sme produced by the impact of material atoms and 
electrons, but m very massive stars it is large enough 
to influence the structure of the star It is to this that 
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it IS difficult to realise what it means Let uSj in 
imagination, keep a cubic millimetre of ordinary 
matter — a piece the size of an ordinary pm-hcad — at 
a temperatuie of 50,000,000 degrees, the approximate 
temperature at the centre of the sun Incredible 
though it may seem, merely to maintain this pm-head 
of matter at such a temperature — ^i e to replenish the 
energy it loses by radiation from its six faces — will 
need all the energy generated by an engine of three 
thousand million million horse-power, the pm-head of 
matter would emit enough heat to kill anyone who 
ventured within a thousand miles of it 

High though this temperature is, calculations shew 
that it would not suffice to break up the stellar mole- 
cules completely It would strip the atoms of all their 
electrons down to the JS^-rings (p 134), but these 
would remain intact It needs temperatures even 
higher than those we are now considering to strip the 
K-xmg electrons from the nucleus of an atom This 
result IS true for the whole range, from about 30 to 60 
million degrees, within which the temperature of the 
sun’s centre is at all likely to he, and it is true almost 
independently of the atomic weight or atomic number 
of the atoms of which wc suppose the sun to be built 
Thus if the sun is wholly gaseous, its central parts 
must consist of a collection of atoms stripped down 
to their Jf-rings, but not beyond, flying about inde- 
pendently like the molecules of a gas, and with them, 
also flying about like the molecules of a gas, all the 
stripped-off electrons which originally formed the 
L-rmg, the M-rmg, etc , of the atoms, the whole being at 
a temperature of somewhere between 30 and 60 million 
degrees As we pass outwards towards the sun’s surface 
we come to lower temperatures, at which the atoms 
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THE STRUCTURE OF THE UNIVERSE 

So far every increase of telescopic power has earned 
ns deeper and deeper into space, and space has seemed 
to expand at an ever-mcreasmg rate We may well 
ask whether this expansion is destined to go on for 
ever: are there any limits at all to the extent of space‘s 
Even a generation ago, I think most scientists would 
have answered this last question in the negative They 
would have argued that space could be limited only 
by the presence of something which is not space We, 
or rather our imaginations, could only be prevented 
from journeying for ever through space by running 
up against a wall of something different from space 
And, hard though it may be to imagine space extending 
for ever, it is far harder to imagine a barrier of some- 
thing different from space which could prevent our 
imaginations from passing into further space beyond 
The argument is not a sound one For instance, the 
earth’s surface is of limited extent, but there is no barrier 
which prevents us from travelling on and on as far as 
we please A traveller who did not understand that 
the earth’s surface is spherical, would naturally expect 
that longer and longer journeys from home would for 
ever open up new tracts of country awaiting explora- 
tion. Yet, as we know, he would necessarily be reduced 
in time to repeating his own tracks As a result of its 
curvature, the earth’s surface, although unlimited, is 
finite in extent 

THE THEORY OF RELATIVITY 

Through his theory of relativity, Einstein claims to 
have established that space also, although unlimited, 
IS finite m extent The total volume of space m the 
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universe is of finite amount just as the surface of the 
earth is of finite amount, and for the same reason, 
both bend back on themselves and close up The 
analogy is valid and useful only so long as we are 
careful to compare the whole of space to the surface of 
the earth, and not to its volume The volume of the 
earth is also finite m amount, but for quite different 
reasons. A mole which burrowed on and on through 
the earth m a straight line would come in time to 
something which is not earth— it would emerge into 
the open air, but we can go on and on over the surface 
of the earth without ever coming to anything which 
IS not the surface of the earth The properties of space 
are those of the surface, not of the volume, of the earth 
As a consequence of space bending back into itselt, 
a projectile or a ray of light can travel on fm wer 
without going outside space into something which is 
not space, and yet it cannot go on for ever without 
repeating its own tracks For this reason it is probable 
that light can travel round the whole of space and 
return to its starting point, so that if we pointed a 
sufficiently powerful telescope in the right direction m 
the midnight sky, we should see the sun and its neig - 
hours m space by light which had made the circuit of 
the universe We should not see them as they now are, 
but as they were many imllions of years ago. Light 
which had left the sun so long ago would have 
travelled round almost the whole of space and then, 
lust as it was about to complete the circle, it wou e 
caught m our telescope instead of being allowed to 
start on its second journey round space 

This curvature of space has other functions than 
that which it performs on the grand scale, of 
the total volume of space Before Einstein s day the 
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curvatiires of the paths of planets, cricket balls and 
projectiles in general were all attributed to the pull 

0 a force of gravitation The theory of relativity 
isnusses this supposed force as a pure illusion, and 

attnbutes the curved paths of projectiles of all kinds 
to theu efforts to keep a straight track through a 
eu^ed space This curved space is not, it is true, the 
ordinary space of the astronomer It is a purely 
mathematical and probably wholly fictitious space, in 
which the astronomers’ space and the astronomers’ 
tune are mextricably bound together and enter as 
equa partners To be absolutely exact, there are four 
equal partners The first three are the three dimensions 
of ordinary space— breadth, width, and height, or, 

1 we prefer, north-south, east-west and up-down 

e ourth is ordinary time measured m a way appro- 
priate to the way m which we have measured our space 
(a of time correspondmg to a light-year of space, 
and so on), and then multiplied by the square-root 
0 Ihis last multiplication by the square-root of 

1 is of course the remarkable feature of the whole 
attair For the square-root of - 1 has no real existence , 
It IS what the mathematician describes as an “im- 
aginary number No real number can be multiplied 
by Itself and give - 1 as the product Yet it is only 
w enjme is measured m terms of an imagmary unit 
o V(- 1) years that there is true equal partnership 
beWeen space and time This shews that the equal 
partners^p is purely formal-it is nothing but a con- 
vement fiction of the mathematician. Indeed had it 
®Jiything more, our intmtive conviction that 
c^?/^ somethmg essentially different from space 

have v^ ^ experience and so would 

nave vanished ere now 



Exploring the Sky ’ll 

These complications with respect to time need not 
concern us here, the essential point is that Einstein s 
theory of relativity teaches that space ultimately bends 
Tback on itself like the earth’s surface, so that the total 
amount of space is finite 

THE COSMOLOGY OE EINSTEIN Accordmg tO 
Emstem’s original theory, the dimensions of space are 
<3.etermmed by the amount of matter it contaii^ C 
xnore matter there is, the smaller space must be, and 
conversely , space could only be of literally in ni e 
extent if it contained no matter at all The problem o 
determining the extent of space according y re uces 
-to that of determining how much matter it contains 
"We have no means of estimating how much niatter 
may exist outside those regions of space which are 
■within the reach of our telescopes, but within these 
regions matter seems to be fairly uniformly distributed 
in the form of extra-galactic nebulae 

From the known weights of these, Hubble es ima e 
that the mean density of matter m space must be 
about 1 5 X 10-31 times that of water On the assump- 
tion that matter is distributed with this density 
through the whole of space, including t ose par 
which our telescopes have not yet penetrated, we can 
calculate quite definitely that the radius o space is 
84,000 million light-years, or 600 times the distance of 
the furthest visible nebula The journey round space 
would take 500,000 million light-years, and if ever our 
telescopes shew us the solar system from behmd, we 
shall see it as it was 500,000 million 7^^ ^go 

Thus, accordmg to Einstein’s origma,! theory, even 
the 140 million light-years through which we can range 
with our telescopes form only a 

whole of space— somethmg hke one part m a thousand 
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million There is plenty of space still awaiting explora- 
tion It IS perhaps not surprising Mankind, who has 
been possessed of telescopes for only 300 years out of 
the 300,000 of his residence on earth, could hardly 
hope to discover the whole of space in so short a time 
Our astronomer explorers are moving from island to 
island in the small archipelago which surrounds their 
home in space, but they are still far from circum- 
navigating the globe And, just as the earliest geo- 
graphers tried to estimate the size of the earth, long 
before they thought of circumnavigating it, from the 
curvature of a small part of its surface, so astronomers 
are now trying to form estimates, although necessarily 
vague, of the size of the whole universe from the 
curvature of that part of it with which they are already 
acquainted 

The general theory of relativity has long passed the 
stage of being regarded as an interesting speculation 
It not only accounts for phenomena of planetary 
motion before which Newton’s law of gravitation 
failed, but it has predicted other phenomena — ^the 
apparent displacements of stars near the sun at an 
eclipse, resulting from the light by which we see them 
emg bent as it passes through the sun’s gravitational 
field, and a certain displacement of stellar spectra 
towards the red end — ^which were entirely unsuspected 
when the predictions were first made, but have sub- 
sequently been fully confirmed by observation. Indeed 
the theory has by now qualified as one of the ordinary 
wor ing tools of astronomy It has been used to 
measure the diameter of the small faint star Sinus B, 
the companion to Sirius (p 262), as well as to discuss 
the nature of the stars at the centres of the planetary 
nebulae” (p 323) 
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Nevertheless, the general theory of relativity does 
not lead up to Einstein’s cosmology in a unique way 
It IS perfectly possible for the former to be true and 
the latter false The general theory of relativity fixes 
the attributes of any small fraction of the universe 
quite definitely, but leaves open several alternative 
ways in which these small fractions can be pieced 
together to form a whole Einstein’s particular view 
of the cosmos cannot therefore claim the prestige 
which attaches to the general theory of relativity as a 
whole And indeed for some years it fell somewhat into 
disfavour, and appeared likely to be superseded by 
an alternative cosmology which de Sitter of Leiden 
propounded and developed m some detail in 1917 

THE COSMOLOGY OF BE SITTER Let US first 
try to understand the essential differences between 
these two cosmologies 

Einstein’s cosmology supposes that the size of the 
cosmos IS determined by the amount of matter it con- 
tains, If it was decided, at the creation, to create a 
universe containing a certain amount of matter which 
was to obey certain natural laws, then space must at 
once have ad3usted itself to the size suited for con- 
taining ]ust this amount of matter and no more Or, 
if the size of the universe and the natural laws were 
decided upon, the creation of a certain definite amount 
of matter became an inevitable necessity De Sitter s 
universe is less simple, or, if we prefer so to put it, 
allowed more freedom of choice in its creation. After 
the laws of nature had been fixed, it was still possible 
to make a universe of any size, and to put any amount 
of matter, within limits, into it Looked at from th^ 
strictly scientific point of view, Emstem s universe as 
one element of arbitrarmess fewer than de Sitters 
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universe, and to this extent it has the advantage of 
simplicity 

On the other hand this simplicity is acquired at a 
price The fundamental corner-stone of the whole 
theory of relativity is the equal partnership of space 
and time in the sense already explained Einstein’s 
cosmology gains its simplicity only at the expense of 
supposing that this equality of partnership disappears 
when we view the cosmos as a whole It supposes that 
space and time are indistinguishable (m the purely 
formal sense already indicated) only to a being whose 
experience is limited to a small fraction of the universe , 
they become utterly distinct for a being who can range 
through the whole of space and time It is not alto- 
gether clear how much weight ought to be attached to 
this objection, if objection it is Real space and real 
time undoubtedly are distinct Even if we deny the 
reality of both, they still remain distinguishable as 
modes of perception What reproach, then, can it be 
to a cosmology that it admits that, in the last resort, 
when the universe is contemplated on the grand scale, 
space and time resolve themselves into distinct types 
of entity*? Somehow we knew it already, before ever 
we began to contemplate the universe on the grand 
scale. 

Whatever the answer to this last question may be, 
de Sitter s cosmology avoids all possible reproach by 
maintaining the equal partnership of space and time, 
not only in individual fractions of the cosmos, but 
throughout the cosmos as a whole It will of course 
be understood that we are still speaking of equal 
partnership m the purely formal sense already ex- 
plamed, a light-year entering the cosmology on the 
same footing as the square-root of - 1 years. Even 
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de Sitter’s cosmology does not pretend that a light- 
year (9-46 million million kilometres) is the same 
thing as twelve months 

Although Einstein’s mam theory of relativity has 
been amply confirmed by observation, the cosmo- 
logical part of it did not predict any special features 
such as permitted of a direct observational test. De 
Sitter’s cosmology, on the other hand, predicted that 
the spectra of all distant objects must shew a dis- 
placement towards the red, of amount depending on 
the distance of the object The equal partnership of 
space and time results in the vibrations of the light- 
waves emitted by any specified source being slower in 
distant than in near parts of the universe; the stream 
of time rolls more rapidly just where we happen to be 
than anywhere else This sounds paradoxical at first, 
but examination shews that it is not ; de Sitter is not 
asking us to return to a geocentric universe, because 
he shews that the inhabitant of a distant star would 
also find that terrestrial atoms were keeping slower 
time than his own. The paradox is completely resolved 
by the concept of the relativity of all measures of space 
and time 

This displacement to the red as a result of mere 
distance is peculiar to de Sitter’s cosmology It is ad- 
ditional to the displacement which, as all cosmologies 
agree, the spectrum of a moving body must shew 
as the result of its motion, this latter being towards 
the red only if the body is receding from the ^rth 
(p 51). On de Sitter’s cosmology, the two displace- 
ments are not entirely independent, for it is an essential 
feature of this cosmology that near bodies should tend 
to move further apart from one another Just as bits 
of straw thrown together into a stream tend to ge 
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separated as they float down the stream, so objects in 
de Sitter’s universe move further apart as they float 
down the stream of time 

Thus on de Sitter’s theory a displacement of spectral 
Imes to the red cannot be interpreted as evidence 
either of motion or of distance , it is a mixture of both. 
This does not mean that we have been altogether 
wrong in deducing the velocities of stars in the galactic 
system fiom the observed displacements of their 
spectral lines No appreciable displacement is pro- 
duced by distance alone, unless this distance forms 
an appreciable fraction of the radius of the universe 
Systematic displacements to the red are, it is true, 
observed in the spectra of the most distant stars, but 
they are of very small amount It is only when we 
look to the remote extra-galactic nebulae that we can 
expect to observe the effect in appreciable strength 

Now it has long been one of the outstanding puzzles 
of astronomy that the spectra of the distant nebulae 
are uniformly displaced towards the red The observed 
displacements are not small Interpreted as velocities, 
many of them would represent speeds of over 1000 
mfles a second. Humason has found that two faint 
ne ulae N G C 4860 and 4858 shew apparent speeds 
of recession of 4900 and 4600 miles a second respec- 
■hve y They are both members of a cloud of nebulae in 
Coma Berenices (p 72), which is probably at a distance 
ot about 50 miUion hght-years Quite recently the 
spectrum of another very famt nebula m Ursa Major has 
been found to mdicate an apparent motion of recession 
mth a speed of 7200 miles a second If de Sitter’s 
theory is rejected, almost aU the extra-galactic nebulae 
must be r^mng away from us with terrific, almost 
mumagmable, speeds And the further away they are 
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the more precipitately they are mcreasmg their distance 
Yet we can hardly reintroduce simplicity by adopting 
de Sitter’s theory, and treating the whole apparent 
stampede of nebulae as spurious, since this theory 
involves that the nebulae may well, m actual fact, be 
running away from us, scattering being an inherent 
property of objects in a de Sitter universe. 

The fact that the spectra of the most distant 
nebulae shew these large displacements provides a 
certain presumption in favour of the truth of de 
Sitter’s cosmology, this at least explains them twice 
over, while no other cosmology explains them at all. 
If we tentatively accept this cosmology, then each 
observed spectral shift must be regarded as the sum 
of two parts, one arising m the ordinary way from a 
recession of the nebula, and the other arising merely 
from its distance 


A preliminary study by Dr Hubble has shewn that 
on the whole the spectral displacements are largest for 
the most distant nebulae, and that their amounts are 
roughly proportional to the distances of the nebulae 
from us. If we interpret the whole of the observed 
displacements purely as evidence of recession, we can 
calculate that the radius of the universe is about 2000 
million. light-years, or some fourteen times the distance 
of the furthest visible nebula With so large a radius of 
the universe, the further displacement resultmg from 
the mere distance of even remote nebulae is neghgible, 
so that our assumption that the displacements arise 
almost entirely from velocities of recession receives 
d, posteriori vindication If the observed displacements 
of the nebular spectra had been strmtly propo^ona 
to their distances from us, we should have obtemed 
a consistent explanation of the observed facts by 
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assuming that we lived m a de Sitter universe having 
a radius of about 2000 milhon light-years 

THE EXPANDING UNIVERSE It USed tO be 

thought that the cosmologies of Emstem and de Sitter 
were antagomstic to one another, smce obviously no 
one umverse could be an Emstem universe and a de 
Sitter universe at the same time A recent investigation 
by a Belgian mathematician, the Abbd G Lemaitre, 
h^ put a different complexion on the problem In brief 
Lemaitre has shewn that no universe could stay per- 
manently m the state considered by Emstem A uni- 
verse m this state is an unstable structure , immediately 
it came mto bemg it would start to expand, and would 
not cease from expandmg until it had become a de Sitter 
universe. Even after this the expansion would continue, 
but it would now become merged m the normal ex- 
pansion of the de Sitter umverse, such as we have 
already considered 

In the hght of these results, the question at issue is 
not whether our umverse is an Emstem umverse or a 
de Sitter umverse, but rather how far it has travelled 
along the road which begms with an Emstem universe 
and ends with a de Sitter universe. Whatever the answer 
may be, we are led to suppose that at the beginnmg of 
time the nebulae were much nearer to one another than 
they now are, that ever smce then they have obeyed 
their inherent tendency to scatter, or rather the 
tendency of the flowmg stream of time to scatter them, 
and that they are now movmg away from us, and from 
one another, with speeds which are proportional to 
their distances This is m accordance with Hubble’s con- 
cli^on, that the apparent speeds of recession of the 
nebulae mc roughly proportional to their distances, 
irom Hubble s data Eddmgton has calculated that the 
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original Emstem universe must have had a radius of 
about 1200 million light-years If the apparent speeds 
of recession of the nebulae had been found to be strictly 


proportional to their distances, we could have explained 
everything by supposing that we lived in an expanding 
universe, which had started as an Einstein universe of 
1200 million light-years’ radius, had now expanded to 
something of the order of 2000 million light-years’ radius, 
and was destined to go on expanding to all eternity 
This provides a simple and rather fascinating picture 
of the universe, but there are many reasons against 
supposing that it is a true one In the first place, if 
we interpret the spectral displacements as evidence of 
velocity alone, the speeds of the nebulae are probably 
very far from being (as the foregoing picture would 
require) accurately proportional to their distances 
from us A group of three nebulae, all believed to be at 
the same distance of about 50 million light-years, differ 
by nearly 2000 miles a second in their speeds, which 
average about 5000 miles a second Oort has found a 
general tendency for the speeds of very distant nebulae 
not to be strictly proportional to their distances At 
from 20 to 40 million light-years the apparent diver- 
gences average 750 miles a second, but it is not clear 
how far these result merely from inaccurate estimates 


of the distances of these remote nebulae. 

In the second place, if the observed spectral shifts 
represent mere scattering, we can calculate the time 
since this scattering began, it proves to be many 
thousands of millions of years Enormous though such 
a length of time is, it does not appear to be enough W e 
shall see later (Chapter iii) how time leaves its mark. 
Its wrinkles and its grey hairs, on the stars, so that 
we can guess their ages tolerably well, and the evidenc 
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IS all in favour of stellar lives, not of thousands of 
millions, but of millions of millions, of years If the 
nebulae owe their present motions to mere scattering, 
then the stars must have lived the greater parts of 
their lives before this scattering began. Such a hypo- 
thesis seems too artificial for acceptance, at any rate 
so long as any alternative is open 
Of course we must frankly admit that our estimates 
of stellar ages may be found to need revision Indeed 
they have been calculated on the supposition that 
no appreciable scattering of the type required by de 
Sitter’s cosmology has ever taken place If not only 
the nebulae, but also the stars composing the galactic 
system, were huddled together at the beginning of 
time, our estimates of the lives of the stars would have 
to be substantially shortened, and it is conceivable, 
although I think very unlikely, that they could be 
reduced to lengths of the kind we have just considered; 
they certainly could not be so reduced if the original 
universe had a radius anywhere near to Eddington’s 
estimate of 1200 million light-years 
Nevertheless the cosmologies of de Sitter and Le- 
maitre undoubtedly require that the present-day uni- 
verse must be expanding, that the nebulae must be 
retreating both from one another, and from us, and 
that their spectra must, as a consequence, shew dis- 
placements to the red. But there is nothing to compel 
us to identify these displacements with those actually 
observed Many causes, other than motions of reces- 
sion, are capable of reddening spectral lines, and only 
after we have deducted all the reddening due to these 
various other causes shall we be m a position to say 
that the residue represents a true motion of recession. 
Quite recently Dr Zwicky of Pasadena has suggested 
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that gravitating matter diffused through space may 
redden all light which passes through the space He 
gives dynamical reasons for his suggestion, caleulates 
the amount of spectral shift to be anticipated m the 
light reaehmg us from the nebulae, and finds that it 
would account for practically the whole of the observed 
shift It IS possible that the greater part of the observed 
reddening of nebular light may be due to this or some 
similar cause, only a small fraction representing true 
motions of recession If so, we can extend the age of 
the universe indefimtely, and are free to assign to the 
stars the very great ages which the evidence of general 
astronomy seems to demand This we shah discuss fuhy 
m Chapter in 

In de Sitter’s original form of this cosmology, light 
would take an infinite time to travel round the universe, 
and this would prevent any object being seen by light 
which had travelled the long way round This results 
from de Sitter having considered only the ideal case 
of a universe entirely empty of all matter. With even 
a little matter in the universe, the path of a ray of 
light would presumably bend back on itself and return 
to Its starting point after a finite time It has been 
quite seriously suggested that two faint nebulae (h 3433 
and M 83) may actually be our two nearest neighbours 
in the sky, M 33 and M 31, seen the long way round 
space If so, we see the fronts of two objects when we 
look at M 33 and M 31, and the backs of the same two 
objects when we point our telescopes “ exactly the 
opposite directions and look at h 8433 and M 83 No 
doubt this IS only a conjecture, and 
wild one, but many more startling conjectures h 
been made m astronomy, and subsequently proved to 

be true 
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All these discussions of the structure of space are of 
course highly speculative, but they agree in suggesting 
the general conclusion that, if we cannot yet see the 
whole of space, we can at least survey an appreciable 
fraction of it Our astronomer-explorers may not 
as yet have circumnavigated the globe, but they are 
perhaps discovering America, and we can well imagine 
that even the next generation will have completed the 
circiimnavigation of space, and will thmk of a finite 
but unboimded space m the same way, and with the 
same ease, as we thmk of the fimte but unbounded 
surface of the earth. 


A MODEL OP THE UNIVERSE 

We found it difficult enough to visualise the 4^ light- 
years which constitute the distance to the nearest 
star, so we may be well advised not even to attempt 
to visuahse this last distance of thousands of millions 
of light-years, the conjectured circumference of the 
universe Yet we may try to see all these distances in 
proper proportion relative to one another by the help 
of a model drawn to scale We can escape the effort 
of trymg to imagine unimaginably great distances by 
keepmg the scale very sTuall, 

The earth, travelhng 1200 times faster than an 
express tram, makes a journey of 600 million miles 
around the sun every year Let us represent this 
journey by a pm-head of an mch in diameter. This 
fixes the scale of our model, the sun has shrunk to a 
^ute speck of dust of an mch m diameter, while 
the earth IS a still more nunute speck which is too 
smaJl to be seen at all even m the most powerful of 
microscopes On this scale the nearest star in the sky. 
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Proxima Centauri, must be 

away, and to contain even the hundred 

to our sun m space, the model must be a mile high, a 

mile long and a mile wide tUinV of 

Let us go on building the model We may thmk o 

stars indiscriminately as specks of dust, l^^^aus 
sizes vary about as much as the sizes o sp 
In the vicinity of the sun we must place ^f du^ 

at average distances of about a quarter ^ P^^^ 

In other regions of space they are g , ^ 

farther apaif, for, owing to f esence of ^ W 

cluster,” the immediate We so 

happens to be a rather crowded part ^ J 

on building the model for hundreds of ^ 

direction, and then, if we are building 

well away from the galactic plane, e spe ^ 

begin to thin out, we are ^PPf 

the galaxy In the galactic plane 

for about 7000 miles before we come to the farthe rt 

globular cluster, and still we are inside the galactic 

fystem With our earth’s long yearly 

tL sun as a pm-head the whole 

about the size of the American 

well to pause and try to visualise the ^ 

a pin-head and of the American continent, befo 

CTO on with our mental model-huilding. 

After we have finished the galactic 
travel about 80,000 mdes before we b^m to srt up the 

next bit of onr model, at any ^'‘S/of 

to scale At this distance we place the ne y 

stars, a family which is probably 

and more compact than onr own galaebc toily^bat 

IS comparable «th it both m 

So we go on building our model— a tamiiy oi 
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of millions of stars every 80,000 miles or so — ^until we 
have two milhon such families. The model now stretches 
for about four million miles in every direction T h is 
represents as far as we can see into space with a 
telescope; we can imagine the model going on, al- 
though we know not how nor where — all we know is 
that the part so far built represents only a fraction of 
the universe. 

Every galactic S 5 ^tem or island universe or extra- 
galactic nebula contains thousands of millions of stars, 
or gaseous matter destined ultimately to form thousands 
of milhons of stars, and we know of two milhon such 
systems. There are, then, thousands of millions of mil- 
lions of stars within the range covered by the 100-inch 
telescope, and this number must be further multiplied to 
allow for the parts of the universe which are still unex- 
plored At a moderate computation, the total number 
of stars in the umverse must be somethmg like the total 
number of specks of dust in London Think of the sun as 
somethmg less than a single speck of dust in a vast city, 
of the earth as less than a millionth part of such a 
speck of dust, and we have perhaps as vivid a picture 
as the mind can really grasp of the relation of our 
home m space to the rest of the universe. 

An alternative procedure would have been to con- 
struct our scale-model by taking all the specks of dust 
in London and spreadmg them out to the right distances 
to represent the vanous stars in space The average 
aetual distances between specks of dust in London is 
a quite small fraction of an inch, to get our model to 
correct scale, this distance must be mcreased to about 
a quarter of a mile, even when we are building the 
part which represents the crowded part of space round 
the sun If we bmld our model m this way, we obtain 
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a vivid picture of the emptiness of space. Empty 
Waterloo Station of everything except six specks of 
dust, and. it is still far more crowded with dust than 
space IS with stars This is true even of the com- 
paratively crowded region inside the galactic system, 
it takes no account of the immense empty stretches 
between one system of stars and the next On aver- 
aging throughout the whole of the model, the mean 
distance of a speck of dust from its nearest neighbour 
proves to be something like 80 miles The universe 
consists in the main not of stars but of desolate empti- 
ness — inconceivably vast stretches of desert space in 
which the presence of a star is a rare and exceptional 
event. 


Let us in imagination take up a position in space 
somewhere near the sun, and watch the stars moving 
past with speeds about 1000 times that of an express 
tram If space were really crowded with stars our 
position would be as unenviable as if we sat down in 
the middle of Regent Street to watch the traffic go by 
-ou^ life, though thrilling, would be bnef Yet, as 
exact calculation shews, the stellar traffic is so little 
crowded that we would have to wait about a million 
million million years before a star ran into us Put in 
another form, the calculation shews that any one star 
may expect to move for something of the order of a 
million million million years before colhdmg mth a 
second star The stars move blindly though space and 
the players in the stellar blmd-man’s-buft are so few 
and^far between that the chance of encountering 
another star is almost negligible We shall see later 
that this concept is of the profoundest significance in 
our interpretation of the umverse. 


CHAPTER II 


Exploring the Atom 

So far our exploration of the universe has been in the 
direction from man to bigger thmgs than man, we 
have been exploring ranges of space which dwarf 
man and his home m space into utter insignificance 
Yet we have explored only about half the total range 
of the universe , an almost equal range awaits explora- 
tion m the direction of the infinitely small We appre- 
ciate only half of the infinite richness of the world 
around us until we extend our survey down to the 
smallest units of matter This survey has been first the 
task, and now the brilliant achievement, of modem 
physics. 

It may perhaps be asked why an account of modern 
astronomy should concern itself with this other end 
of the universe The answer is that the stars are some- 
thing more than huge inert masses , they are machines 
in action, generating and emitting the radiation by 
which we see them We shall best understand their 
mechanism by studying the ways in which radiation 
IS generated and emitted on earth, and this takes us 
right mto the heart of modem atomic physics In the 
present book we naturally cannot attempt to cover 
the whole of this new field of knowledge; we shall 
concern ourselves only with those parts which are im- 
portant for the interpretation of astronomical results, 

ATOMIC THEORY 

As far back as the fifth century before Christ, Greek 
philosophy was greatly exercised by the question of 
whether m the last resort the ultimate substance of 
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the universe was continuous or discontinuous. We 
stand on the sea-shore, and all around us see stretches 
of sand which appear at first to be continuous in 
structure, but which a closer examination shews to 
consist of separate hard particles or grains In front 
rolls the ocean, which also appears at first to be con- 
tinuous in structure, and this we find we cannot divide 
into grains or particles no matter how we try We can 
divide it into drops, but then each drop can be sub- 
divided into smaller drops, and there seems to be no 
reason, on the face of things, why this process of sub- 
division should not be continued for ever The question 
which agitated the Greek philosophers was, m effect, 
whether the water of the ocean or the sand of the sea- 
shore gave the truest picture of the ultimate structure 
of the substance of the universe. 

The school of Democritus, Leucippus and Lucretius 
believed m the ultimate discontinuity of matter, they 
taught that any substance, after it had been sub- 
divided a sufTicient number of times, would be found 
to consist of hard discrete particles which did not 
admit of further subdivision For them the sand gave 
a better picture of ultimate structure than the water, 
because, or so they thought, sufficient subdivision 
would cause the water to display the granular pro- 
perties of sand And this intuitional conjecture is 
amply confirmed by modern science 

The question is, m effect, settled as soon as a thin 
layer of a substance is found to shew qualities essen- 
tially different from those of a slightly thicker layer 
A layer of yellow sand swept 

floor will make the whole floor appear yellow if there 
IS enough sand to make a layer at least o’"® 

If, however, there is only half this much sand, the 
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redness of the floor inevitably shews through, it is 
impossible to spread sand in a uniform layer only half 
a gram thick. This sudden change in the propeities of 
a layer of sand is of course a consequence of the 
granular structure of sand 

Similar changes are found to occur m the properties 
of thin layers of liquid A teaspoonful of soup will 
cover the bottom of a soup plate, but a single diop of 
soup will only make an untidy splash In some cases 
it IS possible to measure the exact thickness of layer 
at which the properties of liquids begin to change 
In 1890 Lord Rayleigh found that thin films of olive 
oil floating on water changed their properties entirely 
as soon as the thickness of the film was reduced to 
below a millionth of a millimetre (or a 25,000,000th part 
of an inch) The obvious interpretation, which is con- 
firmed in innumerable ways, is that olive oil consists 
of discrete particles — ^analogous to the “grains” in a 
pile of sand — each having a diameter somewhere in 
the neighbourhood of a 25,000,000th part of an inch. 

Every substance consists of such “grains ” They 
are called molecules, and the familial properties of 
matter are those of layers many molecules thick; the 
properties of layers less than a single molecule thick 
are known only to the physicist in his laboratory. 

MOLECULES 

How are we to break up a piece of substance into 
its ultimate grains, or molecules? It is easy for the 
scientist to say that, by subdividing water for long 
enough, we shall come to grains which cannot be sub- 
divided any further, the plain man would like to see 
it done. 
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Fortunately the process is one of extreme simplicity 
Take a glass of water, apply gentle heat underneath, 
and the water begins to evaporate What does this 
mean’ It means that the water is being broken up 
into its separate ultimate grains or molecules. If the 
glass of water could be placed on a sufficiently sensitive 
spring balance, we should see that the process of 
evaporation does not proceed continuously, layer after 
layer, but jerkily, molecule by molecule We should 
find the weight of the water changing by jumps, each 
jump representing the weight of a single molecule. 
The glass may contain any integral number of molecules 
but never fractional numbers— if the fractions of a 
molecule exist, at any rate they do not come into play 
in the evaporation of a glass of water 

THE GASEOUS STATE The molecules which break 
loose from the surface of the water as it evaporates 
form a gas — ^water- vapour or steam A gas consists of 
a vast number of molecules which fly about entirely 
independently of one another, except at the rare in- 
stants at which two collide, and so interfere with each 
other’s motion The extent to which the molecules 
mterfere with one another must obviously depend on 
their sizes, the larger they are, the more frequent their 
collisions will be, and the more they will interfere with 
one another’s motion Actually the extent of this in- 
terference provides the best means of estimating the 
sizes of molecules. They prove to be exceedingly small, 
being for the most part about a hundred-millionth of 
an inch in diameter, and, as a general rule, the simpler 
molecules have the smaller diameters, as we should 
expect The molecule of water has a diameter of 1 8 
hundred-millionths of an inch (4 6 x 10"® cms ), while 
that of the simpler hydrogen molecule is only just over 
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a hundred-millionth of an inch (2 7 x 10 cms ) The 
fact that a number of different lines of investigation all 
attnbute the same diameters to these molecules pro- 
vides an excellent proof of the reality of their existence. 

As molecules are so exceedmgly small, they must 
also be exceedingly numerous A pmt of water contams 
1 89 X 10^® molecules, each weighing 1 06 x 10~®® 
ounces If these molecules were placed end to end, 
they would form a cham capable of encircling the 
earth over 200 milhon times If they were scattered 
over the whole land surface of the earth, there would 
be nearly 100 million molecules to every square inch 
of land If we think of the molecules as tmy seeds, 
the total amount of seed needed to sow the whole 
earth at the rate of 100 milhon molecules to the 
square mch could be put mto a pint pot 

These molecules move with very high speeds , m the 
ordinary air of an ordmary room, the average mole- 
cular speed is about 500 yards a second This is 
roughly the speed of a rifle-bullet, and is rather more 
than the ordmary speed of sound Ajs we are familiar 
with this latter speed from everyday experience, it is 
easy to form some conception of molecular speeds in a 
gas It IS not a mere accident that molecular speeds 
are comparable with the speed of soimd. Sound is a 
disturbance which one molecule passes on to another 
when it collides with it, rather hke relays of messengers 
passmg a message on to one another, or Greek torch- 
bearers handmg on their lights. Between collisions 
the message is carried forward at exactly the speed at 
which the molecules travel If these all travelled with 
precisely the same speed and m precisely the same 
direction, the sound would of course travel with just 
the speed of the molecules But many of them travel on 
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oblique courses, so that although the average speed of 
individual molecules in ordinary air is about 500 yards 
a second, the net forward velocity of the sound is only 
about 370 yards a second. 

At high temperatures the molecules may have even 
greater speeds , the molecules of steam m a boiler may 
move at 1000 yards a second 

It IS the high speed of molecular motion that is re- 
sponsible for the great pressure exerted by a gas , any 
surface in contact with the gas is exposed to a hail of 
molecules each moving with the speed of a rifle-bullet. 
For instance, the piston in a locomotive cylinder is 
bombarded by about 14 x 10^® molecules every second 
This incessant fusillade of innumerable tiny bullets 
urges the piston forward in the cylinder, and so pro- 
pels the tram With each breath we take, swarms of 
millions of millions of millions of molecules enter our 
bodies, each moving at about 500 yards a second, and 
nothing but their incessant hammering on the walls of 
our lungs keeps our chests from collapsing 

Perhaps the best general mental picture we can form 
of a gas is that of an incessant hail of shot or rifle- 
bullets flying indiscriminately in all directions, and 
running into one another at frequent intervals In 
ordinary air each molecule collides with some other 
molecule about 3000 million times every second, and 
travels an average distance of about inch 

between successive collisions If we compress a gas to 
a greater density, more molecules are crowded into a 
given space, so that collisions become more frequent 
and the molecules travel shorter distances between 
collisions If, on the contrary, we reduce the pressure 
of the gas, and so lessen its density, collisions become 
less frequent and the distance of travel of a molecu e 
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between successive collisions — ^the ‘‘free-path” as it 
IS called — ^is increased In the lowest vacua which are 
at present obtainable in the laboratory, a molecule can 
travel over 100 yards without colliding with any other 
molecule, although there are still 600,000 million mole- 
cules to the cubic inch 

Under astronomical conditions still lower vacua may 
occur In some nebulae molecules of gas may travel 
millions of miles without a collision, so few are the 
molecules to a given volume of space 

It might be thought that the flying molecules would 
soon be brought to rest by their collisions, rifle-bullets 
undoubtedly would, but not the molecule bullets of a 
gas, for reasons now to be explained. 

ENEBG Y The amount of the charge of powder used 
to fire a rifle-bullet gives a measure of the ‘^energy of 
motion ” which is imparted to the bullet To fire a bullet 
of double weight requires twice as much powder, be- 
cause the energy of motion of a bullet, or indeed of any 
other moving body, is proportional to its weight. But to 
fire the same bullet with double speed does not merely 
require double the charge of powder Four times as 
much powder is needed, because the energy of motion 
of a moving body is proportional to the square of its 
speed The experienced motorist is familiar with this; 
if our brakes stop our car in 20 feet when we are 
travelling 20 miles an hour, they will not stop it in 
40 feet when travelling at 40 miles an hour; we need 
80 feet Double speed requires four times the distance 
to pull up in, because double speed represents fourfold 
energy of motion. In general, the energy of motion of 
any moving body whatever is proportional both to 
the weight of the body and to the square of its speed'*' 

* This IS expressed m the mathematical formula for the 

energy of motion of a body of weight m moving with a speed v If 
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One of the great achievements of nineteenth-century 
physics was to establish the general principle known 
as the “conservation of energy.” Energy can exist in 
a number of forms, and can change about almost 
endlessly from one form to another, but it can never 
he utterly destroyed The energy of a moving body is 
not lost when the body is brought to rest, it merely 
takes some other form When a bullet is brought to 
rest by hitting a target, part of its energy of motion 
goes into heating up the target, and part into heating 
up, or perhaps even melting, the bullet In its new 
guise of heat, there is just as much energy as there was 
in the original motion of the bullet 

In accordance with the same principle, energy cannot 
be created, all existing energy must have existed trom 
all time, although possibly m some form entirely 
different from its present form Eor instance, gun- 
powder contains a large amount of energy stored up 
in the form of chemical energy; we have to take pre- 
cautions to prevent this bottled-up energy suddenly 
breaking free and doing damage, as, for instance, by 
exploding the vessel in which it is contained, kicking 
things up into the air, and so forth. A rifle is in effect 
a device for setting free the energy contained in a 
measured charge of gunpowder, and directing as 
much as possible of it into the form of energy of motion 
of a bullet. When we fire a bullet at a target, a specified 
amount of energy (determined by the charge of powder 


m IS measured m grammes and n m f 

of I grammes wexght (so 
that im- 1 ) To” ng with a speed of one centimetre a second As 

z “ "toTdfi 

V 10® ffms ^ moviiiff at 60 miles aii hour (2682 ems 
1079 xlo“ergs TSfnnon-ball or shell weighing a ton and moving 
at 1520 feet a second has precisely the same energy 
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we have used) is transfonned from chemical energy, 
residing in the powder, first mto energy of motion, 
residmg in the bullet (and to a minor degree in the 
recoil of the rifle), and then finally into heat-energy, 
residing partly m the spent bullet and partly in the 
target Here we have energy taking three different 
forms in rapid succession All the life of the umverse 
may be regarded as manifestations of energy mas- 
querading in various forms, and all the changes m the 
^iverse as energy runnmg about from one of these 
forms to the other, but always without altering its 
total amount Such is the great law of conservation 
of energy 

Among the commoner forms of energy may be 
mentioned electric energy, as exemplified by the 
energy of a charged accumulator or of a thundercloud* 
rnechamcal energy, as exemplified in the coiled spring 
of a watch or the raised weight of a clock chemical 
energy, as exemplified by the energy stored up m gun- 
powder or in coal, wood and oil. energy of motion, as 
exemplified by the motion of a bullet, and finally heat- 
energy , which, as we have seen, is exemplified by the 
heat which appears when the motion of a rifie-bullet 
IS checked 

HEAT Let us examme further into heat as a possible 
form of energy When we want to warm a room, we hght 
a fire and set free some of the chemical energy which 
^ stored up in coal or wood, or we turn on an electric 
heater and let the electnc current transport to us 
some of the energy which is being set free by the 
bummg of coal in a distant power-station But what, 
in the last resort, is heat, and how does it come to be 
a mode of energy^ 

Heat, whether of a gas, a liquid or a sohd, is merely 
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the energy of motion of individual molecules When 
we heat up the air of a room we simply make its 
molecules move faster, and the total heat of the sub- 
stance IS the total energy of all the molecules of which 
it IS composed. In pumpmg up a bicycle tyre, we 
drive the piston of the pump forward m opposition to 
the impact of in numerable millions of molecules of air 
inside the pump. In kicking the opposing molecules 
out of its way, the piston increases their speed of 
motion The resulting increase in the energy of motion 
of the molecules is simply an increase of heat We could 
verify this by inserting a thermometer, or, still more 
simply, by putting our hand on the pump; it feels hot. 

The molecules of a solid are not possessed of much 
energy, and so do not move very fast— so slowly indeed 
that they seldom change their relative positions, the 
neighbouring molecules gripping them so firmly that 
their feeble energy of motion cannot extricate them 
If we warm the solid up, the molecules acquire more 
energy, and so begin to move faster After a time they 
are moving with such speeds that they can laugh at 
the restraining pnlls from their neighbours; each mole- 
cule has enough energy of motion to go where it 
pleases, and we have a crowd of molecules moving 
freely as independent units, pstlmg one another and 
pushing their way past one another, the substance has 
Lsumed the liquid state. To make the picture definite 
ice has melted and become water, the frozen grip i 
relaxed, and the molecules flow freely past 
Each still exerts forces on its neighbours, but these 
are no longer strong enough to preclude a m • 
Heat the liquid further, thus further increasing the 
energy of motion of the molecules, and ^ 

break loose entirely from their bonds and fly about 
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freely m space forming a gas or vapour. If we go on 
supplying heat, the whole substance will m time assume 
the gaseous state Heating the gas still further merely 
causes the molecule-bullets to fly faster, it increases 
their energy of motion 

The average energy of motion of the molecules in a gas 
is proportional to the temperature of the gas — indeed, 
this is the way in which temperature is defined The 
temperature must not, however, be measured on the 
Fahrenheit or Centigrade scale m ordinary use, but 
on what is called the “absolute” scale, which has its 
zero at — 273° Centigrade, or — 469° Fahrenheit 
This “absolute” zero, being the temperature of a 
body which has no further* heat to lose, is the lowest 
temperature possible We can approach to within 
about one degree of it m the laboratory, and find that 
it freezes air, hydrogen and even helium, the most 
refractory gas of all, solid A thermometer placed out 
in interstellar space, far from any star, would probably 
shew a temperature of only about four degrees above 
absolute zero, while still lower temperatures must be 
reached out beyond the limits of the galactic system 
MOLECULAR COLLISIONS Wc may now try to 
picture a collision between two molecule-bullets in a gas. 
Lead bullets colliding on a battlefield would probably 
change most of their energy of motion into heat-energy, 
they would become hotter, or perchance even melt But 
how can the molecule-bullets transform their energy of 
motion into heat-energy *5^ For them heat and energy 
of motion are not two different forms of energy, they 
are one and the same thing, their heat is their energy of 
motion The total energy must be conserved, and there 
IS no new disguise that it can assume. So it comes 
about that when two molecule-bullets collide, the most 
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that can happen is that they may exchange a certain 
amount of energy of motion If their energies of motion 
before collision were, say, 7 and 5 respectively, their 
energies after collision may be 6 and 6, or 8 and 4, or 
9 and 3, or any other combination -which adds up to 12 
It is the same at every collision, energy can neither 
be lost nor transformed, and so the bullets on the 
molecular battlefield go on flying for ever, happily 
hitting only one another, and doing no harm to one 
another when they hit. Their energies of motion go up 
and down, down and up, according as they ma e 
lucky hits or the reverse, but the most they have o 
fear are fluctuations and never total loss of energy; 
their motion is perpetual 

ATOMS 

In the gaseous state, each separate molecule retains all' 
Imical properties of the solid or 
from which It originated; 

instance moisten salt or sugar, or combine with thirsty 

substoniis such as unslated lime or potassium chloride. 

p^hltr hrealo up the moWes sh«i-herl 

,u.l Woud thL rauge, will speediy shew that 

IS two wires of an ordinary eleetnc bell 
On sliding tne opposite sides, 

circuit into a tumbler o plupct on the -wires, and 

bubbles of gas will be foimd to collectoi^th^^^^^ , 

chemical examination shews that 

have entirely different ^ ^ fact neither 

both be water-vapour, ^Xgen and the other 

of them is; one proves to be hydrogen an 
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oxygen. There is found to be twice as much hydrogen as 
oxygen, whence we conclude that the electric current 
has broken up each molecule of water into two parts of 
hydrogen and one of oxygen These smaller units mto 
which a molecule is broken are called “atoms ” Each 
molecule of water consists of two atoms of hydrogen (H) 
and one atom of oxygen (O), this is expressed in its 
chemical formula HjO 

All the innumerable substances which occur on 
earth shoes, ships, sealing-wax, cabbages, kings, 
carpenters, walruses, oysters, everything we can think 
of can be analysed into their constituent atoms, 
either in this or in other ways It might be thought 
that a quite incredible number of different kinds of 
atoms would emerge from the rich variety of substances 
we find on earth. Actually the number is quite small 
The same atoms turn up again and again, and the 
great variety of substances we find on earth result, 
not from any great variety of atoms entering into 
t eir composition, but from the great variety of ways 
in which a few types of atoms can be combined — just 
as in a colour-print three colours can be combined so 
as to form almost all the colours we meet m nature, 
not to mention other weird hues such as never were 
on land or sea 


Analysis of all known terrestrial substances has, so 
far, revealed only 90 different kinds of atoms Probably 
2 there being reasons for thinking that two, or 
possibly even more, still remain to be discovered. 

ven o the 90 already known, the majority are ex- 
ceedingly rare, most common substances being formed 
out of the combinations of about 14 different atoms, 
say hydrogen (H), carbon (C), nitrogen (N), oxygen (O), 
so lum ( a), magnesium (Mg), aluminium (Al), 
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silicon (Si), phosphorus (P), sulphur (S), chlorine (Cl), 
potassium (K), calcium (Ca), and iron (Fe) 

In tliiR way, the whole earth, with its endless diver- 
sity of substances, is found to be a building built of 
standard bricks — ^the atoms And of these only a few 
types, about 14, occur at all abundantly m the struc- 
ture, the others appearing but rarely 

SPECTEOSCOPY. Just as a bell struck with a 
hammer emits a characteristic note, so every atom put 
in a flame or m an electric arc or discharge-tube, emits 
a characteristic light When Newton passed sunlight 
through a prism, he found it to be a blend of all the 
colours of the rainbow. In the same way the modern 


spectroscopist, with infinitely more refined instruments, 

can analyse any light into all the constituent colours 
which enter into its composition The rainbow of colours 
so produced — ^the “spectrum” — ^is crossed by the 
pattern of light or dark lines or bands which the 
astronomer utilises to determine the speeds of recession 
or approach of the stars From an examination of this 
pattern the skilled spectroscopist can at once announce 
the type of atom from which the light emanates, so 
much so that one of the most delicate tests for the 
presence of certain substances is the spectroscopic test 
This spectroscopic method of analysis is by no means 
confined to terrestrial substances In 1814 Fraunhofer 
repeated Newton’s analysis of sunlight, and found its 
spectrum to be crossed by certain dark lines, stiU 
known as Fraunhofer lines The spectroscopist has no 
difficulty m interpreting these dark lines, they in i^ e 
the preLnee m the sun of the common terrestrial 
elements, hydrogen, sodium, calciuna, and iron 
reasonswhich we shall see later (p 125 below), the atom 
of these substances drink up the light of precisely those 
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colours which the Fraunhofer lines shew to be absent 
from the solar spectrum This spectrum is now known 
to be incomparably more intricate than Fraunhofer 
thought, but practically all the lines which occur in it 
can be assigned to atoms known on earth, and the 
same is true of the spectra of all the stars in the sky 
It IS tempting to jump to the generalisation that the 
whole universe is built solely of the 90 or 92 types 
of atoms found on earth, but at present there is no 
justification for this The light we receive from the 
sun and stars comes only from the outermost layers of 
their surfaces, and so conveys no information at all 
as to the types of atoms to be found m the stars’ in- 
teriors Indeed we have no knowledge of the types of 
atoms which occur in the interior of our own earth 

THE STRUCTURE OF THE ATOM. Until quite 
recently, atoms were regarded as the permanent bricks 
of which the whole universe was built All the changes 
of the universe were supposed to amount to nothing 
more drastic than a re-arrangement of permanent inde- 
structible atoms, like a child’s box of bricks, these built 
many buildings m turn The story of twentieth-century 
physics is primarily the story of the shattering of this 
concept 

It was towards the end of the last century that 
Crookes, Lenard, and, above all, Sir J J Thomson 
first began to break up the atom The structures which 
had been deemed the unbreakable bricks of the uni- 
verse for more than 2000 years, were suddenly shown 
to be very susceptible to having fragments chipped off 
A mile-stone was reached m 1895, when Thomson 
shewed that these fragments were identical, no matter 
what type of atom they came from, they were of 
equal weight and they carried equal charges of negative 
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electricity. On account of this last property they were 
called “electrons” The atom cannot, however, be 
built up of electrons and nothing else, for as each 
electron carries a negative charge of electricity, a 
structure which consisted of nothing but electrons 
would also carry a negative charge. Two negative 
charges of electricity repel one another, as also do 
two positive charges, while two charges, one of positive 
and one of negative electiicity, attract one another. 
This makes it easy to determine whether any body or 
structure carries a positive or a negative charge of 
electricity, or no charge at all Observation shews 
that a complete atom carries no charge at all, so that 
somewhere m the atom there must he a positive charge 
of electricity, of amount ]ust sufficient to neutralise 
the combined negative charges of all the electrons 
In 1911 experiments by Sir Ernest Rutherford and 
others revealed the architecture of the atom As we 
shall soon see (p. 112 below), nature herself provides an 
endless supply of small particles charged with positive 
electricity, and moving with very high speeds, in the 
cc-particles shot off from radio-active substances. 
Rutherford’s method was in brief to fire these into 
atoms and observe the result. And the surprising 
result he obtained was that the vast majority of these 
bullets passed straight through the atom as though it 
simply did not exist It was like shooting at a ghost. 

Yet the atom was not all ghostly A tiny fraction— 
perhaps one in 10,000 — of the bullets were e ec e 
from their courses as if they had met something very 
substantial indeed A mathematical calculation shewed 
that these obstacles could only be the missing posi ive 
charges of the atoms. 

A detailed study of the paths of these projectiles 
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about 2 X 10“® cms , has about 100,000 times the 
diameter, and so about a thousand million million 
times the volume, of a single electron, which has a 
radius of only about 2 x 10“^* cms The nucleus, 
although it generally weighs 3000 or 4000 times as 
much as all the electrons in the atom together, is at 
most comparable in size with, and may be even smaller 
than, a single electron 

We have already commented on the extreme empti- 
ness of astronomical space Choose a point in space 
at random, and the odds against its being occupied by 
a star are enormous. Even the solar system consists 
overwhelmingly of empty space, choose a spot inside 
the solar system at random, and there are still im- 
mense odds against its being occupied by a planet or 
even by a comet, meteorite or smaller body And now 
we sec that this emptiness extends also to the space of 
physics. Even inside the atom wc choose a point at 
random, and the odds against there bemg anything 
there are immense, they are of the order of at least 
millions of millions to one. We saw how six specks of 
dust msidc Waterloo Station represented— or rather 
ovcr-rcprcsented— the extent to which space was 
crowded with stars In the same way a few wasps— 
SIX for the atom of carbon— flying around in Waterloo 
Station will represent the extent to which the atom is 
crowded with electrons — all the rest is emptiness s 
we pass the whole structure of the umverse under 
review, from the giant nebulae and the vast in er- 
stcllar and internebular spaces down to the tmy 
structure of the atom, little but vacant space passes 
before our mental gaze Wc live in a gossamer umverse 
pattern, plan and design are there in abundance, but 
solid substance is rare. 
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proved that the whole positive charge of an atom 
must be concentrated in a single very small space, 
having dimensions of the order of only a millionth 
of a millionth of an inch In this way, Rutherford 
was led to propound the view of atomic structure 
which IS generally associated with his name He sup- 
posed the chemical properties and nature of the atom 
to reside m a weighty, but excessively minute, central 
nucleus” carrying a positive charge of electricity, 
around which a number of negatively charged electrons 
described orbits It was of course necessary to suppose 
the electrons to be in motion in the atom, otherwise 
the attraction of positive for negative electricity 
would immediately draw them into the central nucleus 
]ust as gravitational attraction would cause the 
earth to fall into the sun, were it not for the orbital 
motion of the former In brief Rutherford supposed 
the atom to be constructed like the solar system, the 
heavy central nucleus playing the part of the sun and 
the electrons acting the parts of the planets. 

The speeds with which these electrons fly round their 
tiny orbits are terrific The average electron revolves 
around its nucleus several thousand million million 
times every second, with a speed of hundreds of miles 
a second Thus the smallness of their orbits does not 
prevent the electrons moving with higher orbital 
speeds than the planets, or even the stars themselves 
By clearing a space around the central nucleus, 
and so preventing other atoms from coming too near 
to it, these electronic orbits give size to the atom 
The volume of space kept clear by the electrons is 
enormously greater than the total volume of the 
electrons, roughly, the ratio of volumes is that of the 
battlefield to the bullets. The atom, with a radius of 
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ATOMIC NUMBERS. The number of electrons which 
fly round in orbits in an atom is called the “atomic 
number” of the atom. Atoms of all atomic numbers 
from 1 to 92 have been found, except for two missing 
numbers 85 and 87 As already mentioned, it is highly 
probable that these also exist, and that there are 92 
“elements” whose atomic numbers occupy the whole 
range of atomic numbers from 1 to 92 continuously. 

The atom of atomic number unity is of course the 
simplest of all It is the hydrogen atom, in which a 
solitary electron revolves around a nucleus whose 
charge of positive electricity is exactly equal in amount, 
although opposite in sign, to the charge on the negative 
electron 

Next comes the helium atom of atomic number 2, 
in which two electrons revolve about a nucleus which 
has four times the weight of the hydrogen nucleus, 
although carrying only twice its electric charge After 
this comes the lithium atom of atonuc number 3, 
in which three electrons revolve around a nucleus 
having SIX times the weight of the hydrogen atom and 
three times its charge. And so it goes on, until we 
reach uranium, the heaviest of all atoms known on 
earth, which has 92 electrons describing orbits about 
a nucleus of 238 times the weight of the hydrogen 
nucleus 


RADIO-ACTIVITY 

While It was still engaged in breaking up the atom into 
its component factors, physical science was beginning 
to discover that the nuclei themselves were neither 
permanent nor indestructible In 1896, Becquerel had 
found that various substances containing uranium 
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possessed the remarkable property, as it then appeared, 
of spontaneously affecting photographic plates in t eir 
vicinity This observation led to the discovery of a 
new property of matter, namely radio-activity e 

results obtained from the study of radio-actavity in 
the few following years were co-ordinated m the hypo- 
thesis of “spontaneous disintegration” which Ruther- 
ford and Soddy advanced in 1903 According to is 
hypothesis in its present form, radio-activity indicates 
a spontaneous break-up of the nuclei of the atoms of 
radio-active substances These atoms are so tar rom 
being permanent and indestructible that t eir very 
nuclei crumble away with the mere lapse o time, so 
that what was once the nucleus of a uranium atom is 
transformed, after sufficient time, into the nucleus ot 


a lead atom. 

The process of transformation is not mstantaneou , 
it proceeds gradually and by distinct stages 
its progress, three types of product are emitte , w ic 
are designated a-rays, ^-rays, and y-rays 

These were origmally described as rays because th^ 
have the power of penetrating through a certain tmcK- 
ness of air, metal, or other substance Theu true na ure 
was discovered later. It is well knovm that ^a^etic 
forces such as, for instance, occur in the space l^etween 
the poles of a magnet, cause a moving particle charged 
with electricity to deviate from a straight cours , 
deviates m one direction or the other according as it 
IS charged with positive or negative electricity On 
passing the various rays emit^ by ^ 

stances through the space between ^ f 

powerful magnet, the «-rays were f f 
particles charged with P^f 

?-rays to consist of particles charged with negative 
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electricity But the most poweiful magnetic forces 
which could be employed failed to cause the slightest 
deviation in the paths of the y-rays, from which it 
was concluded that either the y-rays were not material 
particles at all, or that, if they were, they carried no 
electric charges The former of these alternatives was 
subsequently proved to be the true one 
cc-PARTiCLES The positively charged particles 
which constitute a-rays are generally described as 
^-particles In 1909 Rutherford and Royds allowed 
a-particles to penetrate through a thin glass wall of less 
than a hundredth of a millimetre thickness into a 
chamber from which they could not escape — a sort of 
mouse-trap for a-particles They found that so long 
as the number of a-particles m the vessel went on 
increasing, an accumulation of helium was forming. In 
this way it was established that the positively charged 
o:-particles are simply nuclei of helium atoms 
These particles move with enormous speeds, which 
depend upon the nature of the radio-active substance 
from which they have been shot out The fastest of all, 
those emitted by Thorium C', move with a speed of 
12,800 miles a second, even the slowest, those from 
Uranium 1, have a speed of 8800 miles a second, 
which IS about 30,000 times the ordinary molecular 
velocity m air. Particles moving with these speeds 
knock all ordinary molecules out of their way, this 
explains the great penetrating power of the a-rays. 

^-PABTicLEs By examining their motion under 
magnetic forces, the ^-rays were found to consist of 
negatively charged electrons, exactly similar to those 
which revolve orbitally m all atoms As an cc-particle 
carries a positive charge equal in amount to that of two 
electrons, an atom which has ejected an cc-particle is left 
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with a deficiency of positive charge, or what comes to 
the same thing, with a negative charge, equal to that of 
two electrons Consequently it is natural, and indeed 
almost inevitable, that the ejections of a-particles 
should alternate with an ejection of negatively charged 
electrons, so that the balance of positive and negative 
electricity in the atom may be maintained The 
particles move with even greater speeds than the 
a-particles, many approaching to within a few per 
cent of the velocity of light (186,000 miles a second) 
One of the most beautiful devices known to physical 
science, the invention of Professor C. T R Wilson, 
makes it possible to study the motions of the a- and 
j3-particles as they thread their way through a gas, 
colliding with its molecules on their way A chamber 
through which the particles are made to travel is filled 
with water-vapour in such a condition that the passage 
of an electrically charged particle leaves behind it a 
trail of condensations which can be photographed As 
an example, Plate XIII shews a photograph taken by 
Professor Wilson himself, m which the trails of both 
a- and j8-particles appear on the same plate As t e 
a-particles weigh about 7400 times as much as the 
8-particles, they naturally create more disturbance in 
the gas, and so leave broader and more pronounce 
tracks , also they pursue a comparatively straight comse 
while the lighter /3-particles are deflected from them 
courses by many of the molecules they meet The plate 
shews four a-particle tracks and one ^ 

8-ray track The knobby-lookmg projections which 
ma7be seen on one of the a-ray tracfe are of interest ; 
lly represent the short paths of electrons knocked 
out of atoms by the passage of the a-particle 
* These were called 8-rays by Biimstead 


ju 
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y-KAYS. The y-rays are not material particles at 
all; they prove to be merely radiation of a very special 
kind, which we shall now discuss. 


RADIATION 

Disturb the surface of a pond with a stick and a series 
of ripples starts from the stick and travels, in a senes of 
ever-expanding circles, over the surface of the pond. 
As the water resists the motion of the stick, we have 
to work to keep the pond in a state of agitation. The 
energy of this work is transformed, in part at least, 
into the energy of the ripples We can see that the 
ripples carry energy about with them, because they 
cause a floating cork or a toy boat to rise up against 
the earth’s gravitational pull Thus the ripples provide 
a mechanism for distributing over the surface of the 
pond the energy that we put into the pond through the 
medium of the moving stick 

Light and all other forms of radiation are analogous 
to water-ripples or waves, in that they distribute 
energy from a central source The sun’s radiation dis- 
tributes through space the vast amount of energy 
which is generated inside the sun We hardly know 
whether there is any actual wave-motion in light or 
not, but we know that both light and all other types 
of radiation are propagated in such a form that 
they have some of the properties of a succession of 
waves. 

We have seen how the different colours of light 
which in combination constitute sunlight can be sepa- 
rated out by passing the light through a prism. An 
alternative instrument, the diffraction-grating, analyses 



115 


Exploring the Atom 


light into its constituent wave-lengths*, and these are 
found to correspond to the different colours of the 
rainbow This shews that different colours of light 
represent different wave-lengths, and at the same time 
provides a means of measuring the actual wave-lengths 
of light of different colours These prove to be very 
minute. The reddest light we can see, which is that of 

longest wave-length, has a wave-length of only 


inch (7 5 X 10-® ems ), the most violet light we can 
see has a wave-length only half of this, or 0 000015 
inch. Light of all colours travels with the same 
uniform speed of 186,000 miles, or 3x10“ centimetres, 
a second The number of waves of red light which pass 
any fixed point in a second is accordingly no fewer 
than four hundred million million This is called the 
“frequency” of the light Violet light has the still 
higher frequency of eight hundred million noillion, 
when we see violet light, eight hundred million million 
waves of light enter our eyes each second 

The spectrum of analysed sunlight appears to the 
eye to stretch from red light at one end to violet hght 
at the other, but these are not its true limits If 
certain chemical salts are placed beyond the violet end 
of the visible spectrum, they are found to shine vividly, 
shewing that even out here energy is being transported. 


although in invisible form , . , <1 ^ i 

Regions of invisible radiation stretch mdefinite y 
from both ends of the visible spectrum From one 
end — ^the red — ^we can pass contmuously to ° 

the type used for wireless transmission, which have 
wave-lengths of the order of hundreds, or even thou- 

to all phenomena of an undulatory nature 


8-a 
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sands, of yards From the violet end, we pass through 
waves of shorter and ever shorter wave-length — all the 
various forms of ultra-violet radiation At wave- 
lengths of from about a hundredth to a thousandth of 
the wave-length of visible light, we come to the faTmlmr 
X-rays, which penetrate through inches of our flesh, 
so that we can photograph the bones inside. Far out 
even beyond these, we come to the type of radiation 
which constitutes the y-rays, its wave-length being 

of the order of i^ (^o,ooo,ooo a 

hundred-thousandth part of the wave-length of visible 
light Thus the y-rays may be regarded as invisible 
radiation of extremely short wave-length We shall 
discuss the exact function they serve later For the 
moment let us merely remark that m the first instance 
they served the extremely useful function of fogging 
Becquerel’s photographic plates, thus leading to the 
detection of the radio-active property of matter 
Thus we see that the break-up of a radio-active atom 
may be compared to the discharge of a gun , the a-particle 
IS the shot fired, the j8-particles are the smoke, and the 
y-rays are the flash The atom of lead which finally 
remains is the unloaded gun, and the original radio- 
active atom, of uranium or what not, was the loaded 
gun And the special peculiarity of radio-active guns 
IS that they go off spontaneously and of their own 
accord All attempts to pull the trigger have so far 
failed, or at least have led to inconclusive results, we 
can only wait, and the gun will be found to fire itself 
m time 
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ATOMIC NUCLEI 


With, the unimportant exceptions of potassium and 
rubidium (of atomic numbers 19 and 37), the property 
of radio-activity occurs only in the most complex and 
massive of atoms, being indeed confined to those of 
atomic numbers above 83 Yet, although the lighter 
atoms are not liable to spontaneous disintegration in 
the same way as the heavy radio-active atoms, their 
nuclei are of composite structure, and can be broken 
up by artificial means In 1920, Rutherford, using 
radio-active atoms as guns, fired a-particles at light 
atoms and found that direct hits broke up their nuclei 
There is, however, found to be a significant difference 
between the spontaneous disintegration of the heavy 
radio-active atoms, and the artificial disintegration of 
the light atoms , m the former case, apart from the ever- 
present ^-rays and y-rays, only cc-particles are ejected, 
while in the latter case a-particles were not ejected at 
all, but particles of only about a quarter their weight, 
which proved to be identical with the nuclei of hydrogen 


atoms 

These sensational events in the atomic xinder- 
world can be photographed by Professor C T R. 
Wilson’s condensation method already explained. 
Plate XIV shews two collisions of an a-particle with a 
nitrogen atom photographed by Mr P M S Blackett 
The straight lines are merely the quite uneventml 
tracks of ordinary a-particles similar to those already 
shewn m Plate XIII But one a-particle track m each 
photograph suddenly branches, so that the complete 

figure IS of a Y-shape , , . . j. c i 

There is little room for doubt that m fig 1 t 
branch occurs because the a-particle has collided with 
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a nitrogen atom; the stem of the Y is the track 
of the a-particle before the collision, the two upper 
branches are the tracks of the a-particle and the 
nitrogen atom after the collision, the latter now moving 
with enormous speed and hitting everything out of 
its way By taking simultaneous photographs in two 
directions at right angles, as shewn in the Plate, 
Mr Blackett was able to reconstruct the whole collision, 
and the angles were found to agree exactly with those 
which dynamical theory would require on this inter- 
pretation of the photograph 

The occurrence photographed in fig 2 is of a different 
type from that seen in fig 1, for the angles do not 
agree with those which dynamical theory would require 
if the upper branches of the Y were the tracks of the 
a-particles and the nitrogen atom as in fig 1 The 
stem of the Y is still an ordinary a-particlc track, but 
the long faint upper branch is the track of a particle 
smaller than an a-particle, namely a particle of quarter- 
weight shot out of the nucleus, whilst the shorter 
and clearer branch is that of the nitrogen atom moving 
along m company with the a-particle, which it has 
captured It would take too much space to describe 
in full the beautiful method by which Blackett has 
established this interpretation of his photographs, but 
there is little room for doubt that in fig 2 he has 
actually succeeded in photographing the break-up of 
the nucleus of an atom of nitrogen 

ISOTOPES. Two atoms have the same chemical 
properties if the charges of positive electricity earned 
by their nuclei are the same The amount of this 
charge fixes the number of electrons which can revolve 
around the nucleus, this number being of course 
exactly that needed to neutralise the electric field of 
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the nucleus, and this m turn fixes the atomic number 
of the element But Dr Aston has shewn that atoms of 
the same chemical element, say neon or chlorine, may 
have nuclei of different weights The various forms 
which the atoms of the same chemical element can 
assume are known as isotopes, being of course ^s- 
tingiiished by their different weights Aston further 
made the highly significant discovery that the weights 
of all atoms are, to a very close approximation, 
multiples of a single definite weight This uiut weig t 
IS approximately equal to the weight of the 
atom, but is more nearly equal to a sixteenth of t e 
weight of the oxygen atom The weight of any type 
of atom, measured m terms of this umt, is called the 

‘‘atomic weight” of the atom 

PHOTONS AND ELECTRONS In conjunction with 

the results of Rutherford’s artificial “ 

atomic nuclei, Aston’s results have led to the genera 
acceptance of the hypothesis that the ^ 

built up of only two kinds of ultimate bricks, namely, 
SroL and ^OBS Each proton 
charse of electricity exactly equal m amount to the 
ch„,e ca^^hy — " 

w'ss :'ti o, « 

gcfatoin, all other nncle. bemg 
which both protons and electrons 

together. Eor instance, the nuclens of the 

orVparticle. consists of four protons md^wo^h*^ 

these giving It equal to 

of the hvdrogen atom, and a resultant cnmgc h 

tmi tS of the nucleus of the hydro^n ^om 

Yet this IS not quite 

every complete atom would 
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N of protons, together with just enough electrons, 
namely N , to neutralise the electric charges on the N 
protons, so that its ingredients would be precisely the 
same as those of N hydrogen atoms Thus the weight 
of every atom would be an exact multiple of the weight 
of a hydrogen atom Experiment shews this not to be 
the case. 

EnECTEOMAONETic ENEEGY To get at the whole 
truth, we have to recognise that, in addition to con- 
taining material electrons and protons, the atom con- 
tains yet a third ingredient which we may describe as 
electromagnetic energy We may think of this, although 
with something short of absolute scientific accuracy, 
as bottled radiation 

It IS a commonplace of modern electromagnetic 
theory that radiation of every kind carries weight 
about with it, weight which is in every sense as real 
as the weight of a ton of coal A ray of light causes 
an impact on any surface on which it falls, just as a 
]et of water does, or a blast of wind, or the fall of a 
ton of coal, with a sulBSciently strong light one could 
knock a man down just as surely as with the ]et of 
water from a fire-hose This is not a mere theoretical 
prediction The pressure of light on a surface has been 
both detected and measured by direct experiment. 
The experiments are extraordinarily difficult because, 
judged by all ordinary standards, the weight carried 
by radiation is exceedingly small; all the radiation 
emitted from a 50 horse-power searchlight working 
continuously for a century weighs only about a 
twentieth of an ounce 

It follows that any substance which is emitting 
radiation must at the same time be losing weight 
In particular, the disintegration of any radio-active 
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substance must involve a decrease of weight, since it 
IS accompanied by the emission of radiation in the 
form of y-rays The ultimate fate of an ounce of 
uranium may be expressed by the equation 

rO 8658 ounce lead, 

1 ounce uranium = -1 0 1345 „ helium, 

lo 0002 „ radiation. 


The lead and helium together contain 3ust as many 
electrons and just as many protons as did the original 
ounce of uranium, but their combined weight is short 
of the weight of the original uranium by about one 
part in 4000 Where 4000 ounces of matter originally 
existed, only 3999 now remain, the missing ounce has 


gone off in the form of radiation. 

This makes it clear that we must not expect the 
weights of the various atoms to be exact multiples of 
the weight of the hydrogen atom, any such expecta- 
tion would Ignore the weight of the bottled-up electro- 
magnetic energy which is capable of being set free 
and going off into space in the form of radiation as the 
atoin changes its make up The weight of t^s energy 
IS relatively small, so that the weights of the atoms 
may be expected to be approximately integral multi- 
ples of that of the hydrogen atom, and this expectation 
is confirmed, but they will not be so exactly The 
exact weight of our atomic building is not 
total weight of all its bricks , something must be added 
for the weight of the mortar— the electromagnetic 
energy— which keeps the bricks bound together. 

t£ the normal atom consists of protons, ’ 

and energy, each of which 

its weight When the atom re-arranges itself, ei 
IpoSeLly o. unde, bpmbardmeat. pxotes and 
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electrons may be shot off m the form of niaterml 
particles {a- and ^-rays) and encrpfy may also be set 
free in the form of radiation This radiation may <*ither 
take the form of y-rays, or, as we shall shoitlv see, of 
other forms of visible and invisible radiation. Th(' final 
weight of the atom will be obtained by dednefing fiom 
its original weight not only the weight of all tlu* ejected 
electrons and piotons, but also the weight of all tlu' 
energy which has been set free as radiation. 


QUANTUM THEORY 


The scries of concepts which we now approach are 
difficult to grasp and still more dillicuU to exjilam, 
largely, no doubt, because our minds receive no assist- 
ance from our everyday experience of nature*. It 
becomes necessary to speak mainly m terms of 
analogies, parables and models which can inaki* no 
claim to represent ultimate reality; indcvtl it is rash 
to hazard a guess even as to the direction in which 
ultimate reality lies 

The laws of electricity which were in vogue up to 
about the end of the nineteenth century— the famous 
laws of Maxwell and Faraday — recjuirc'd that the 
energy of an atom should continually decrease, through 
the atom scattering energy abroad m the form of 
radiation, and so having less and les.s left for itself. 
These same laws predicted that all energy s(‘t fnn* in 
space should rapidly transform itself into radiation of 
almost infinitesimal wave-length. Yet these things 
simply did not happen, making it obvious that the 


* The reader 'whose inlerest is limited to 
to proceed at once to Chapter iii 


astronomy may prefer 
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then prevailing electrodynamical laws had to he 
given up 

c AVITY-BADIATION A cmcial case of failure was 
provided by what is known as “ cavity-radiation ” A 
body with a cavity in its interior is heated up to in- 
candescence , no notice is taken of the light and heat 
emitted by its outer surface, but the light imprisoned 
in the internal cavity is let out through a small window 
and analysed into its constituent colours by a spectro- 
scope or diffraction grating It is this radiation that is 
known as “cavity-radiation ” It represents the most 
complete form of radiation possible, radiation from 
which no colour is missing, and in which every colour 
figures at its full strength. No known substance ever 
e^ts quite such complete radiation ^rom its surface 
although many approximate to doing so. We speak o 
such bodies as “full radiators 

The nineteenth-century laws of electromagnetism 
predicted that the whole of the radmtion eiru e y 
a full radiator or from a cavity ought to be found at 
or beyond the extreme violet end of the 
indepmdcntly of the precise temperature to which 
the b^ody had^een heated In actual fact the ’^adiataon 
IS usually found piled up at exactly the opposite end 
of the spectrum, and in no case does it ever conform 
to fte Ot the ometeeoth-ceatury laws, ot 

even begin to tbmk of doing so -RArlin dis- 

In the year 1900, Professor Plmek of Berta dB 

covered ejpemnentally the “^Ss 

radration” rs T^nW 

cf the spec™ He theoretically from a 

discovered Xsiw could b i. verv 

system of eleetiomagnehe laws wH h differed very 

sensationally from those then in vog 
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Planck imagined all kinds of radiation to be emitted 
by systems of vibrators which emitted light when 
excited, much as tuning forks emit sound when they 
are struck The old electrodjuamical laws predicted 
. ^ that each vibration should gradually come to rest and 

then stop, as the vibrations of a tuning fork do, until 
I the vibrator was in some way excited again Rejecting 

all this, Planck supposed that a vibrator could change 
its energy by sudden jerks, and in no other way, it 
might have one, two, three, four or any other integral 
number of umts of energy, but no intermediate frac- 
tional numbers, so that gradual changes of energy were 
rendered impossible The vibrator, so to speak, kept 
no small change, and could only pay out its energy a 
shiUmg at a time until it had none left. Not only so, 
but it refused to receive small change, although it was 
prepared to accept complete shillmgs This concept, 
sensational, revolutionary and even ridiculous, as 
many thought it at the time, was found to lead exactly 
to the distribution of colours actually observed in 
cavity-radiation 


In 1917, Einstem put the concept into the more 
precise form which now prevails According to a theory 
previously advanced by Professor Niels Bohr of Copen- 
hagen, an atomic or molecular structure does not 
c ange its configuration, or dissipate away its energy, 
by gradual stages Gradualness is driven out of physics, 
and discontmuity takes its place An atomic structure 
has a number of possible states or configurations 
w c are entirely distinct and detached one from 
another, just as a weight placed on a staircase has 
only a possible number of positions, it may be B 

p. TJie change from one position to another is gene- 
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rally cUected tlirough the mediTim of radiation. The 
system can be pushed upstairs by absorbing energy 
from radiation which falls on it, or may move down- 
stairs to a state of lower energy and emit energy m 
the form of radiation in so doing. Only radiation of 
a certain definite colour, and so of a certam precise 
wave-length, is of any account for eftecting a particular 
change of state. The problem of shifting an atomic 
system is like that of extracting a box of matches 
from a penny -in-the-slot machine , it can only be done 
by a special implement, to wit a penny, which must 
be of precisely the right size and weight a com 
which is either too small or too large, too light or too 
heavy, is doomed to fail If we pour radiation of the 
wrong wave-length on to an atom, we may reproduce 
the comedy of the millionaire whose total wealth will 
not procure him a box of matches because he has not 
a loose penny, or we may reproduce the tragedy of 
the child who cannot obtain a slab of chocolate becau^ 
Its hoarded wealth consists of farthings and halt- 
pence, but we shall not disturb the atom When mixed 
radiation is poured on to a collection of atoms, these 
absorb the radiation of ]ust those wave-lengths which 
are needed to change their internal states, and none 
other, radiation of all other wave-lengths passes by 


nnalfected , , . 

This selective action of the atom on radiation is put 

in evidence in a variety of ways, it is perhaps mos 
simply shewn in the spectra of the sm stars 
Dark lines similar to those which Fraunhofer obse^ed 
in the solar spectrum are observed m 
practically all stars (see Plate VIII, P- 51), ^ 
can now understand why this must be 
possible wave-length streams out from the hot mter 
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of a star, and bombards the atoms which form its 
atmosphere Each atom drinks up that radiation which 
IS of precisely the right wave-length for it, but has no 
interaction of any kind with the rest, so that the 
radiation which is finally emitted from the star is 
deficient in just the particular wave-lengths which 
suit the atoms Thus the star shews an absorption 
spectrum of fine lines The positions of these lines in 
the spectrum shew what types of radiation the stellar 
atoms have swallowed, and so enable us to identify 
the atoms from our laboratory knowledge of the tastes 
of different kinds of atoms for radiation But what 
ultimately decides which types of radiation an atom 
will swallow, and which it will reject"*^ 

Planck had already supposed that radiation of each 
wave-length has associated with it a certain amount 
of energy, called the ‘‘quantum,’’ which depends on 
the wave-length and on nothing else. The quantum 
IS supposed to be proportional to the “frequency” 
(p 115), or number of vibrations of the radiation per 
second'*', and so is inversely proportional to the wave- 
length of the radiation — ^the shorter the wave-length, 
the greater the energy of the quantum, and conversely. 
Red light has feeble quanta, violet light has energetic 
quanta, and so on. 

Emstein now supposes that radiation of a given 
type can effect an atomic or molecular change, only 
if the energy needed for the change is precisely equal 
to that of a smgle quantum of the radiation. This is 
commonly known as Einstein’s law, it determines the 

* To be precise, if v is the frequency of the radiation, its 
quantum of energy is hv, where ^ is a umversal constant of nature, 
known as Planck’s constant This constant is of the physical nature 
of energy multiphed by time , its numerical value is 
6 55 X ergs x seconds 
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precise type of radiation needed to work any atomic or 
molecular penny-in-the-slot mechanism*. 

We notice that work which demands one powerful 
quantum cannot be performed by two, or indeed by 
any number whatever, of feeble quanta A small 
amount of violet (high-frequency) light can accomplish 
what no amount of red (low-frequency) light can 
effect — a circumstance with which every photographer 
IS painfully familiar, we can admit as much red light 
as we please without any damage being done, but even 
the tiniest gleam of violet light spoils our plates 

The law prohibits the killing of two birds with one 
stone, as well as the killing of one bird with two stones , 
the whole quantum is used up in eilectmg the change, 
so that no energy from this paiticular quantum is le t 
ov(‘r to contribute to any further change This aspect 
of the matter is illustrated by Einstein’s photochemi^l 
law . “ in any chemical reaction which is produced by 
the incidence of light, the number of molecules which 
arc affected is equal to the number of quanta ot light 
which arc absorbed ” Those who manage penny-m- 
thc-slot machines are familiar with a similar law e 
numbei of articles sold is exactly equal to the number 


of coins in the machine ” * 

Tf wc think of energy m terms of its capacity tor 
doing damage, we see that radiation of short wave- 
length can work more destruction in f 
than radiation of long wave-length 
sufficiently short wave-length may not only rearrang 


In the form of an equation 

constant already specified 


128 The Universe Around Us 

molecules or atoms, it may break up any atom on 
which it happens to fall, by shooting out one of its 
electrons, giving rise to what is known as photoelectric 
action Again there is a definite limit of frequency, 
such that light whose frequency is below this limit 
does not produce any effect at all, no matter how in- 
tense it may be, whereas as soon as we pass to fre- 
quencies above this limit, light of even the feeblest 
mtensity starts photoelectric action at once. Again 
the absorption of one quantum bieaks up only one 
atom, and further ejects only one electron from the 
atom If the radiation has a frequency above this 
limit, so that its quantum has more energy than the 
mimmum necessary to remove a single electron from 
the atom, the whole quantum is still absorbed, the 
excess energy now bemg used in endowing the ejected 
electron with motion. 

ELECTRON ORBITS These conccpts are based upou 
Bohr’s supposition that only a limited number of or- 
bits are open to the electrons in an atom, all others 
bemg prohibited for reasons which we still do not fully 
understand, and that an electron is free to move from 
one permitted orbit to another under the stimulus of 
radiation. Bohr himself investigated the way in which 
the various permitted orbits are arranged Modern 
investigations indicate the need for a good deal of re- 
vision of his simple concepts, but we shall discuss these 
in some detail, partly because Bohr’s picture of the 
atom still provides the best working mechanical model 
we have, and partly because an understanding of his 
simple theory is absolutely essential to the undcr- 
Jandmg of the far more mtricate theories which arc 
beginmng to replace it 

The hydrogen atom, as we have already seen, con- 
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sists of a single pioton as central nucleus, -with, a single 
electron revolving aiound it. The nucleus, with about 
1 840 tunes the weight of the electron, stands practic- 
ally at lest unagitated by the motion of the latter, ]ust 
as the sun remains practically undisturbed by the 
motion of the earth round it The nucleus and electron 
eairy charges of positive and negative electricity, and 
therefore attract one another, this is why the electron 
describes an orbit instead of flying off in a straight 
line, again like the earth and sun Fuithermore, the 
attraction between electric charges of opposite sign, 
positive and negative, follows, as it happens, precisely 
the same law as gravitation, the attraction falling off 
as the inverse square of the distance between the two 
charges. Thus the nucleus-electron system is similar in 
all respects to a sun-planet system, and the orbits 
which an electron can describe around a central 
nucleus are precisely identical with those which a 
planet can describe about a central sun, they consist 
of a system of ellipses each having the nucleus in one 
focus (p 46) 

Yet the general concepts of quantum-dynamics 
prohibit the electron from movmg m all these orbits 
indiscriminately. Accordmg to Bohr, the electron of 
the hydrogen atom can move in a certain number o 
circular orbits whose diameters are proportional to the 
squares of the natural numbers 1, 4, 9, 16, 25, . , it 

can also move in a series of elliptic orbits whose 
greatest diameters arc respectively equal to the ^a- 
meters of the possible circular orbits, although these 
elliptic orbits are still further limited by the condition 
that their eccentricities must have certain definite 
values All other orbits are m some way prohibited 
The smallest orbits which the electron can describe 


JO 


9 
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m the hydrogen atom aie shewn m fig 10. The smallest 
orbit of all, of diameter 1, is marked 1^, beyond 
this come two orbits of diameter 4 maikcd 2^, 23; then 
three orbits of diametei 9 marked 82, 83, and foui 
orbits of diameter 16 maiked 4^, 42, 43, 4^ The diagram 
stops heie for want of space, but the available orbits 
go on indefinitely Even under laboratory conditions, 
electrons may move in orbits of a hundred times the 



diameter of that marked 1, Under the more rarefied 
conditions of steUar atmospheres the hydrogen atom 
may swell out to even greater dimensions, and stellar 
spec ra provide evidence of orbits having over a 
thousand tunes the dunensions of the orbit Such 
an orbit would be represented in fig 10 by a circle 
four yards m diameter 

AU orbits, whether elhptic or circular, which have 



Exploring the Atom 131 

the same diameter, have also the same energy, but 
the energy changes when an electron crosses over 
fiom any oibit to another of a different diameter 
Thus, to a certain limited extent, the atom constitutes 
a leseivoir of energy Its changes of energy are easily 
calculated, for example, the two orbits of smallest 
diameters in the hydrogen atom differ m energy by 
16 X 10-^^ ergs If we pour radiation of the appro- 
priate wave-length on to an atom in which the electron 
IS describing the smallest oibit of all, it crosses over to 
the next orbit, absorbing 16 x 10"^^ ergs of energy in 
the process, and so becoming temporarily a reservoir 
of energy holding 16 x 10”^^ ergs If the atom is in 
any way disturbed from outside, it may of course 
discharge the energy at any time, or it may absorb 
still more energy and so increase its store. 

If we know all the orbits which are possible for an 
atom of any type, it is easy to calculate the changes 
of energy involved in the various transitions between 
them As each transition absorbs or releases exactly 
one quantum of energy, we can immediately deduce 
the frequencies of the light emitted or absorbed in 
these transitions In brief, given the arrangement of 
atomic orbits, we can calculate the spectrum of the 
atom In practice the problem of course takes the 
converse form given the spectrum, to find the struc- 
ture of the atom which emits it Bohr’s model of the 
hydrogen atom is a good model at least to this extent 
-^that the spectrum it would emit reproduces the 
hydrogen spectrum almost exactly Yet the 9,gree- 
ment is not quite perfect, and it is now generally 
accepted that Bohr’s scheme of orbits is inadequate 
to account for actual spectra We continue to discuss 
Bohr’s scheme, not because the atom is actually built 
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that way, but bccauso it piovuit's u l•lltulJ;h 

working model for oui j)r(*M‘nt purpose. 

An essential, although at lust sight soiuewlml uii 
expected, feature of llu* whole theoiy is that <’ven if 
the hydrogen atom ehaiged wilh its 10 10 ergs 

of energy is left entirely undisturbed, tin* <‘leetroti 
must, after a certain Lane, lajise liaek sponfuneousiv 
to its original sinallei orbit, ejeeting its 10 10 ergs 

of cncigy in the form of railiation in so lioing. Kiiisti in 
shewed that, if this were not so, then IMunek’s will- 
established “ cavity-radiatiou ” law eouhl not he true. 
Thus a collection of hydrogen atoms iii wliieh (lie 
electrons describe orbits largiT than the smallest pos- 
sible orbit IS similar to a colleetion of uranium or othei 
radio-active atoms, in that the atoms spontaneously 
fall back to their states of lowi'r tuuTgy as tin* result 
merely of the passage of time 

The electron orbits m more eomplieated atoms havi* 
much the same geiuTal arrangi'inent as m t he hyilrogen 
atom, but aie different m size. In flie hydrogen atom 
the electron normally falls, after snllhnent timi, to 
the orbit of lowest energy and slays tiu'te. It miglit 
bethought by analogy that in more' eompheati’d atoms 
in which several electrons are deseninng orbits, all tlu’ 
electrons would m time fall into the orbit of lowest 
energy and stay there Such does not provi* to be tin* 
case There is never room for mon' than one eh'etrou 
in the same orbit This is a special asp(‘(‘t of a general 
principle which appears to domniati* tJie whole of 
physics It has a name — “the exelusion-priiunph* ” 
but this IS about all as yet, wc hav«‘ lumlly begun to 
understand it In another of its speeiul asjx'ets it 
becomes identical with the old familiar eorn<‘r-st out* 
of science which asserts that two diffen'iit pieces of 
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maitei cannot occupy the same space at the same 
time Without undeistanding the imderlying principle, 
we can accept the fact that two electrons not only 


cannot occupy the same space, but cannot even occupy 
the same orbit It is as though m some way the electron 
spread itself out so as to occupy the whole of its orbit, 
thus leaving room for no other No doubt this must 
not be accepted as a literal picture of things, and yet 
it seems not improbable that the orbits of lowest 
energy in the hydrogen atom are possible orbits ]ust 
because the electron can completely fill them, and 


that adjacent orbits are impossible because the electron 
would fill them f or 1| times over, and similarly for 
more complicated atoms. In this connection it is 
perhaps significant that no smgle known phenomenon 
of physics makes it possible to say that at a given in- 
stant an electron is at such or such a point in an orbit 
of lowest energy, such a statement appears to be 
quite meaningless, and the condition of an atom is 
apparently specified with all possible precision by 
saying that at a given instant an electron is in such an 
orbit, as it would be, for instance, if the electron had 
spread itself out into a ring We cannot say the same 
of other orbits As we pass to orbits of higher energy, 
and so of greater diameter, the indeterminateness 
gradually assumes a different form, and finally becomes 
of but little importance Whatever form the electron 
may assume while it is describmg a little orbit near the 
nucleus, by the time it is describing a very big orbit 
far out It has become a plain material particle charged 


with electricity 

Thus, whatever the reason may 
are describing orbits in the same 
in different orbits The electrons in 


be, electrons which 
atom must all be 
their orbits are like 
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men on a ladder, just as no two men can stand on the 
same rung, so no two electrons can ever follow one 
another round in the same orbit The neon atom, for 
instance, with 10 electrons, is in its normal state of 
lowest energy when its 10 electrons each occupy one 
of the 10 01 bits whose energy is lowest. For reasons 
which the quantum theory has at last succeeded in 
elucidating, there are, in every atom, two oibits m 
which the energy is equal and lower than in any other 
orbit After this come eight orbits of equal but sub- 
stantially higher energy, then 18 orbits of equal but 
still higher energy, and so on. As the electrons m each 
of these various groups of orbits all have equal energy, 
they are commonly spoken of, in a graphic but mis- 
leading phraseology, as rings of electrons They are 
designated the i?^-ring, the L-iing, the Af-rmg and so 
on The ^T-ring, which is neaiest to the nucleus, has 
room for two electrons only Any further electrons arc 
pushed out into the L-ring, which has room for eight 
electrons, all describing orbits which are different but 
of equal energy If still more electrons icmain to be 
accommodated they must go into the Af-ring and so on 
In their normal states, the hydrogen atom has one 
electron in its i2^-rmg, while the helium atom has two, 
the L, ikf, and higher rings being unoccupied The atom 
of next higher complexity, the lithium atom, has three 
e ectrons, and as only two can be accommodated in 
its A-rmg, one has to wander round m the outer spaces 
of the L-rmg In beryllium with four electrons, two 
are driven out into the i-ring And so it goes on, until 
we reach neon with 10 electrons, by which time the 
h-rmg as well as the inner K^xmg is full up In the 
next atom, sodium, one of the 11 electrons is driven 
out into the still more remote ilf-ring, and so on 
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FroMilfil lli<’ electrons sue not being excited by radia- 
Udii oi ittbcr stininlus, each atom sinks m time to a 
state in whieli its eli'etious aic occupying its mbits of 
Iow<*st 1 in rg\ , one in each. 

So tar ns oui experience goes, anatom, as soon as it 
renelies this state, becomes a true perpetual motion 
luaeliinc*, the* elc'etroiis eontiniiing to move m then 
orbits (at am late on Bolii’s theory) without any of 
the energv of llicar motion being dissipated away, 
catlier m thc“ form of ladiaiion oi otherwise It seems 
astomshmg anti cimlc' incomprehensible that an atom 
in sneli a state* should not be able to yield up its energy 
still tinther, but, so fur as our expciienee goes, it 
cannot And tins pio]K‘rty, hitlc though we under- 
stand U. IS, 111 the last resort, lesponsiblc for keeping 
the universe in being. II no restrietion of this kind 
intervened, the vbole inatcTial energy of the universe 
wcnild disappear in the form of radiation in a lew 
thousand-milhonth parts of a second If the noimal 
iivtlrogen atom wem* capable of emitting radiation m 
the* wav demanded by the nmclcenth-ccntury laws 
of phvsics, it would, as a diiect consequence of this 
c-mission of radiation, begin to shrink at the rate of 
over a inetie a second, the electron continually fallmg 
to orbits of lower and lower eneigy After about 
tbousand-miHionth part of a second thcnnclcns and 
the electron would run into one another, a 
whole atom would probably disappear ” 

radiation. By prolnbitmg any emission of radiation 
«ee I; l"; cmiplete quanta, and by proh^bitmg^ny 
emission at all wben ibere arc no 

dissipation, the quantum tbcory succeeds m keeping 

the universe in (‘X,stcn<>c as a going ^ 

It is chiricult to form even Ibc remotest conception oi 
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the realities undeilying all these phenoiiienu 'I’lie 
recent branch of physics known as “ wa\ I'-iiK'eluuiies” 
IS at present groping after an iinderstaiuhng, hut so 
far progress has been in the dueetion of eo-or<hnating 
observed phenomena rather than in getting down to 
realities Indeed it may be doubted whethei w'l* shall 
ever properly undcistand the realities ultimately in- 
volved, they may well be so fundamental as to he 
beyond the grasp of the human mind 
It is just for this leason that modem theorelKsd 
physics is so difficult to explain, and so dilheiilt to 
understand It is easy to explain the motion of the* 
earth round the sun in the solar system. We set' the 
sun in the sky, we feel the eaith uiuIct oui leet, and 
the concept of motion is familiar to us fiom everyday 
experience How different when wo try to ('xpliun the 
analogous motion of the electron loiind the pioton in 
the hydrogen atomt Neither you nor I have ant 
direct experience of cither elections or protons, and 
no one has so far any inkling of what they art' realls 
tike So we agree to make a sort of model m w hu'li 
the electron and proton arc represented by t lu' simiilest 
things known to us, tiny hard sphert's 'riu' model 
works well for a time and then suddenly breaks in our 
tiands. In the new light of the wave-met'hanit's. Hit' 
ard sphere is seen to be hopelessly madeqnale 
to represent the electron A hard sphere has ahvavs 
a detinite position in space, the election aiitian'iilly 
has not A hard sphere takes up a very definite anmimt 
of room, an electron— well, it is probably as mt'aumglt'ss 
to discuss how much room an electron takes up as it. 
IS to discuss how much room a fear, an anxu'ty or an 
uncertainty takes up, but if we are pressed to say how- 
much room an electron takes up, perliaps the best 
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answer is that it takes up the whole of space. A hard 
sphere moves from one point to the next, our model 
electron, jumping from orbit to orbit in the model 
hydrogen atom certainly does not behave like any 
hard sphere of our waking experience, and the real 
electron — if there is any such thing as a real electron 
in an atom — probably even less Yet as our minds 
have so far failed to conceive any better picture of the 
atom than this very imperfect model, we can only 
proceed by describing phenomena m terms of it 


THE MECHANICAL EFFECTS OF RADIATION 

The moie compact an electrical structure is, the 
greater the amount of energy necessary to disturb it; 
and, as this energy must be supplied m the form of a 
single quantum, the greater the energy of the quantum 
must be, and so the shorter the wave-length of the 
radiation A very compact structure can only e is- 
turbed by radiation of very short wave-length. 

A ship heading into a rough sea runs most risk ot 
damage, and its passengers most risk of disconifort, 
when its length is about equal to the length of t 
waves Short waves disturb a short ship and long waves 
a long ship, but a long swell does l^tle harm 
But this provides no real analogy with the effects of 
radiation, since the wave-length 
breaks up an electrical structure is 
the size of the structure The nautical analogy to such 
radiation is a very long swellindeed As aroughworkmg 
guide wc may say that an electrical ° 

be disturbed by radiation whose 

equal to 860 tunes the dimensions ot the stmetme, 
and wdl only be broken up by radiation whose wave- 
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length IS below this limit* In brief, the reason why 
blue hght affects photographic plates, while red light 
does not, is that the wave-length of blue light is less, 
and that of red light is greater, than 860 times the 
diameter of the molecule of silver bromide, we must 
get below the ‘ 860 -limit” before anything begins to 
happen. 

When an atom discharges its reservoir of stored 
energy, the hght it emits has necessarily the same 
wave-length as the light which it absorbed in originally 
stormg up this energy, the two quanta of energy being 
equal, their wave-lengths are the same It follows that 
the light emitted by any electrical structure will also 
have a wave-length of about 860 times the dimensions 
of the structure Ordinary visible light is emitted 
mainly by atoms, and so has a wave-length equal to 
about 860 atomic diameters Indeed it is just because 
It has this wave-length that the light acts on the atoms 
of our retina, and so is visible 

Hadiation of this wave-length disturbs only the 
outermost electrons m an atom, but radiation of 
much shorter wave-length may have much more de- 
vastating effects, X-radiation, for instance, may break 
up the far moie compact inner rings of electrons, the 
■^-rmg, Ir-nng, etc , of the atoimc structure. Radiation 


* The mathcmatacian -will readily see the reason for this rule, 

needed to sepaiate two 
~ at a distance r apart, is e<‘}r, and the 
to re-anange or break up a structure of electrons and 
ff i^^ti ^mcMions r wiU generally be comparable with this 

***® ladiation, Uic energy made 

® radiation is the quantum AC/A 

Combimng tius with the arcumstance that the value of A is vciy 

up ^® structure to be 
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of btill shorter wave-length may even disturb the pro- 
tons and electrons of the nucleus For the nuclei, like 
the atoms themselves, are structures of positive and 
negative clccti ical charges, and so must behave similarly 
with respect to the radiation fallmg upon them, ex- 
cept for the wide dilfcrence in the wave-length of the 
radiation Ellis and others have found that the y- 
radiation emitted during the disintegration of the 
atoms of the radio-active element radium-B has wave- 
lengths of 3 52, 4. 20, 4 80, 5 13, and 23 x lO-^® ems 
These wave-lengths are only about a hundred-thou- 
sandth part of those of visible light, the reason being 
that the atomic nucleus has only about a hundred- 
thousandth part the dimensions of the complete atom. 
Radiation of such wave-lengths ought to be ]u^ as 
cfrccLivc in rc-arranging the nucleus of radium-B as 
that of 100,000 times longer wave-length is eflective 


in rc-arranging the hydrogen atom 

Since the wave-length of the radiation absorbed or 
emitted by an atom is inversely proportional to the 
quantum of energy, the quantum needed to 
the atomic nucleus must have something like 100 000 
times the energy of that needed to “work the atom 
If the hydrogen atom is a pcnny-in-the-slot machine, 
nothing less than five-hundrcd-pound notes will work 
the nuclei of the radio-active atoms. 

The radio-active nuclei, like those of nitrogen and 
oxygen, could probably be broken up by a suffmienUy 
inteLe bombardment, although 

dcnce on this point is ^ot very definite If so each 

bombarding particle would have to bring 

an energy of motion equal at least to ^ ^ 
quantum of the radiation m question, J 

it to move with an enormously high spec 
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sufficiently high temperatures contains an abundant 
supply both of quanta of high energy, and of particles 
moving with high speeds 

tempebatuhe-kadiation We speak in ordinary 
life of a red-heat or a white-heat, meaning the heat to 
which a substance must be raised to emit red or white 
light respectively. The filament in a carbon-Jfilament 
lamp IS said to be raised to a red-heat, that m a gas- 
filled lamp to a yellow-heat. It is not necessary to 
specify the substance we are dealing with ; if carbon emits 
a red light at a temperature of 3000 °, then tungsten 
or any other substance, raised to this same temperature, 
will emit exactly the same red light as the carbon, and 
the same is true for other colours of radiation. Thus 
each colour, and so also each wave-length of radiation, 
has a definite temperature associated with it, this being 
the temperature at which this particular colour is most 
abundant in the spectroscopic analysis of the light 
emitted by a hot body As soon as this particular 
temperature begins to be approached, but not before, 
radiation of the wave-length in question becomes 
plentiful, at temperatures well below this it is quite 
inappreciable* 

Just as we speak of a red-hcat or a whitc-heat, we 
might, although we do not do so, quite legitimately 
speak of an X-ray heat or a y-ray heat. The shoitcr 
the wave-length of the radiation, the higher the tem- 
perature specially associated with it Thus as wc make 
a substance hotter and hotter, it emits light of ever 
shorter wave-length, and runs in succession througli 

* The wave-length A of the radiation and the associated tempera- 
ture T (measured in Centigrade degrees absolute) are connected 
through the well-known relation 

AT —0 2885 cm degree 
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the whole rainbow of colours — ^red, orange, yellow, 
green, blue, indigo, violet We cannot command a 
sufficient range of temperature to perform the complete 
experiment in the laboratory, but nature performs it 
for us in the stars 

THE EEEECTS OE HEAT We have already Seen that 

radiation of short wave-length is needed to break up 
an electric structure of small dimensions As short 
wave-lengths are associated with high temperatures, it 
now appears that the smaller an electrical stiucture is, 
the greater the heat needed to break it up. And we 
^a.n calculate the temperatuie at which an electric 
structure of given dimensions will first begm to break 
up under the influence of heat-’-. 

For instance, an ordinary atom with a diameter 
of about 4 X 10-® ems will first be broken up at 
temperatures of the order of thousands of degrees 
To take a definite example, yellow light of wave- 
length 0 00006 cm IS specially associated with the 
temperature 4800 degrees, this temperature repre- 
sents an average “ yellow-heat ” At temperatures well 
below this, yellow light only occurs when it is arti- 
ficially created But stars, and all other bodies, at 
a temperature of 4800 degrees emit yellow fight 
naturally, and show lines in the yellow region of their 
spectrum, because yellow light removes the outermost 
electron from the atoms of calcium and simila 
elements. The electrons m the 

be disturbed when a temperature of ^800 degr^s 
begins to be approached, but not before This tem- 

* On combining the a structure 

implied m the rough law of the 8 , broken up by tempera- 
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perature is not approached on earth (except in the 
electric arc and other artificial conditions), so that 
terrestrial calcium atoms are geneially at rest in their 
states of lowest energy. 

To take another instance, the shoi test wave-length 
of radiation emitted in the transformation of uranium 
IS about 0 5 X 10-“ ems , and this corresponds to the 
enormously high temperature of 5,800,000,000 degrees. 
When some such temperature begins to be approached, 
but not before, the constituents of the radio-activc 
nuclei ought to begin to re-aiiange themselves, just as 
the constituents of the calcium atom do when a tem- 
perature of 4800 degrees is approached* This of course 
explains why no temperature we can command on 
earth has any appreciable effect in expediting or in- 
hibiting radio-active disintegration 

The table on p 144 shews the wave-lengths of the 
radiation necessary to effect various atomic transforma- 
tions. The last two columns shew the corresponding 
temperatures, and the kind of place, so far as we know, 
where this temperature is to be found, these latter 
entries anticipating certain results which will be given 
in detail in Chapter v below (p 288). In places where 
the temperature is far below that mentioned in the 
last column but one, the transformation in question 
cannot be affected by heat, and so can only occur 
spontaneously Thus it is entirely a one-way process. 
The available radiation not being of sufficiently short 
wave-length to work the atomic slot-machine, the 


also boTLZrK of an clectnc structure can 

nerature ofwh material parlicles, the tera- 

firsf bcnnml « clcctrons, nuclci. or molecules 

Sihe ® f radiation 

of the effective lyave-length would first begin to be appreciable 

the two processes begin at approMmately the same temperature 
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atoms ahsorl) no (‘iiergy fiom the surrounding radia- 
tion and so are continually slipping back into states 
of low IT energy, if such exist. 


IIKJIILY PKNKTllATING RADIATION 

'riu shoilest \v<ivc-lengths we have so far had under 
(hseussion aie those of the y-rays, but the last line of 
t lu' table refeis to radiation with a wave-length of only 
about a four-hundiedlh part of that of the shortest of 
y-rays. 

Smee 15)02, various investigators, Rutherford, Cooke, 
MeLeunau, Ihirton, Kolhorstcr and Millikan in par- 
ticular, have found that the earth’s atmosphere is 
continually being traveiscd by radiation which has 
enormously higher pcnetiating power than any known 
y-iays. Hy sending up balloons to great heights, Hess, 
KolhoistiT, and later Millikan and Bowen, have shewn 
that the radiation is noticeably more intense at great 
heights, thus piovmg that it comes into the earth s 
atmosphere from outside. If the radiation had its 
origin in the sun and sLais, the mam part of the 
radiation reec'iveil on e<ii'th would come from the sun, 
and tlu‘ radiation would be more intense by day than 
by night This is found not to be the case, so that the 
radiation eannot come from the stars, and so must 
ongiuati* in nebulae or cosmic masses other than stars. 
Millikan is conlidcnt that its sources he outside the 
galaetie system 

I'he amount of the radiation is very great Even at 
sea-h‘vel, wluTC it is least, Millikan and Cameron find 
that it breaks up about l-<t atoms in evciy cubic 



o 










•§ 






I 






CO 

iH 


proton and accompanymg 
electron 






145 


Exploring the Atom 

centimetre of air each second It must break up 
millions of atoms m each of onr bodies every second — 
and we do not know what its physiological effects may 
be The total energy of the radiation received on earth 
IS 3ust about a tenth of that of the total radiation, 
light and heat together, received from all the stars 
This docs not mean that light and heat are ten times 
as abundant as this radiation in the universe as a 
whole For if the radiation originates m extra-galactic 
regions, then the stars which send us light and 
heat are comparatively near, while the sources of 
the highly penetrating radiation are far more remote 
On taking an average thiough the whole of space, 
including the vast stretches of internebular space, it 
seems likely that the highly penetrating radiation is 
far more plentiful than stellar light and heat, and 
so IS the most abundant form of radiation in the whole 
universe 

It IS the most penetrating form of radiation known 
Ordinal y light will hardly pass through metals or solid 
substances at all, only a tiny fraction emerges through 
the thinnest of gold-leaf On account of their shorter 
wave-length, and so of their more eneigetic quanta, 
X-rays will pass through foils of a few millimetres 
thickness of gold or of lead The most highly penetra- 
ting y-rays from radium-B will pass through inches of 
lead The radiation we have ]ust been discussing varies 
in penetrating power, the most penetrating part of it 
will pass thiough 16 feet of lead 

It IS not altogether clear whether the radiation is of 
the nature of very short y-radiation or is of a corpus- 
cular nature, like /3-radiation, it may even be a mixture 
of both Its penetrating power far exceeds that of any 
known jS-radiation, so that if it is corpuscular, the 


yu 
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corpuscles must be moving with very nearly the 
velocity of light 

If, as seems far more likely, the radiation is, in 
part at least, of the nature of y-radiation, then it 
ought to be possible to determine its wave-length from 
its penetratmg power Until quite recently different 
theories on the relation between the two have been 
m the field The latest theory of all, that of Klein 
and Nishma, which is more perfect and more com- 
plete than any of the earlier theories, assigns to the 
most penetratmg part of the radiation the amazingly 
short wave-length of 1 3 x 10“^® cms., as indicated in 
the table on p 144 

We perhaps get the clearest conception of what this 
means if we apply the 860-rule, this shews that the 
radiation would break up an electric structure whose 
dimensions are only about 10~^* cms No structure 
formed of electrons and protons can possibly be as 
small as this, for the radius of a single electron is 
about 2 X 10“^® cms. The radiation is of about the 
wave-length needed to break up the proton itself, the 
smallest and most compact structure known to science. 

Approaching the problem from another angle, the 
numerical relations already given shew that a quantum 
of radiation of this wave-length must have energy 
equal to 0 0015 erg, and so must have a weight of 
about 1 66 X 10“®* grammes Every physicist recognises 
this weight at once, for the best determinations give 
the weight of the hydrogen atom as 1 662 x 10“®* 
grammes The quantum of highly-penctrating radia- 
tion has, then, just about the weight, and just about 
the energy, that would result from a complete hydi ogen 
atom suddenly being annihilated and having all its 
energy set free as radiation 
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It can hardly be supposed that all the highly 
penetrating radiation received on earth has its origin 
in the annihilation of hydrogen atoms If for no other 
reason, there are probably not enough hydrogen atoms 
in the umverse for such a hypothesis to be tenable 
The hydrogen atom consists of a proton and an elec- 
tron, and its weight is roughly the same as the com- 
bined weight of a proton and an electron selected from 
any atom in the universe, so that, to a near enough 
approximation, the quantum of highly penetrating 
radiation has the wave-length and energy which would 
result from a proton and electron in any atom whatever 
coalescing and annihilating one another We have seen 
how the weights of the different known types of atoms 
approximate to integral multiples of the weight of the 
hydrogen atom, or to be more precise, differ by almost 
exactly equal steps, each of which is about equal to 
the weight of the hydrogen atom The weight of the 
quantum of highly penetrating radiation is equal to 
the change of weight represented by a single step, so 
that the quantum could be produced by any trans- 
formation which degraded the weight of an atom by 
a single step In the most general case possible, this 
degradation of weight must, so far as we can see, arise 
from the coalescence of a proton and electron, with 
the resulting annihilation of both 

While this seems far and away the most probable 
source of this radiation, it is not the only conceivable 
source For instance, the most abundant isotope of 
xenon, of atomic number 54 and atomic weight 129, 
IS built up of 129 protons, 75 nuclear electrons and 
54 orbital electrons The sudden building up of such 
an atom out of 129 protons and 129 electrons would 
involve a loss of weight just about equal to the weight 


10-2 
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of the hydrogen atom If the building took place 
absolutely simultaneously, so that the whole of the 
liberated energy was emitted catastrophically as a 
single quantum, this quantum would have about the 
same wave-length and penetrating power as the ob- 
served highly penetratmg radiation Some time ago 
Millikan suggested the formation of other complex 
atoms out of simpler constituents as a possible source 
of the radiation, but it now appears that the schemes 
he propounded would not result in radiation of sufli- 
ciently short wave-length, at any rate if the modern 
Klein-Nishina theory is correct. 

On the physical evidence alone, such schemes cannot 
be dismissed as impossible, but they must be tieated 
as suspect on account of their high improbability. 
The xenon atom with its 258 constituent parts is a 
highly complicated structure, and it is exceedingly 
hard to believe that all these 258 parts eould be ham- 
mered mto a fully-formed atom by a single instan- 
taneous act, accompanied by the catastrophic emission 
of only one quantum of radiation. If atoms ever are 
built up out of simpler constituents — ^and there is no 
evidence whatever that this process ever occurs in 
nature — ^it seems so much more likely that the aggre- 
gation would take plaee by distmct stages, and tliat 
the radiation would be emitted m a number of small 
quanta rather than in one large quantum Moreover, 
any such h3q)o thesis has to explain the numerical 
agreement of the calculated weight of the observed 
quanta of radiation with the known weight of the 
hydrogen atom as a pure coincidence Not only so, but 
also we have to suppose that atoms of xenon, and 
possibly others of approximately the same atomic 
weight, are formed far more frequently than atoms of 
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other atomic weights Indeed the amount of the 
highly penetrating radiation received on earth is so 
great that if it were evidence of the creation of xenon, 
a large part of the universe ought already to consist 
of xenon, mixed perhaps with elements of nearly equal 
atomic weight So far is this from being the case, that 
xenon and its neighbours in the atomic weight table 
are among the rarest of elements For these reasons, 
and on the general principle that the simpler and more 
natural hypothesis is always to be given preference m 
science, we may say that the annihilation of electrons 
and protons forms a more probable and more accept- 
able origin for the observed highly penetrating radia- 
tion 

We may leave the problem in this state of uncer- 
tainty for the present, because it will appear later that 
astronomy has some evidence to give on the question 
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Exploring in Time 

We have explored space to the furthest depths to 
which our telescopes can probe, we have explored 
into the intricacies of the minute structures we call 
atoms, of which the whole material universe is built; 
we now wish to go exploring in time Man’s individual 
span of life, and indeed the whole span of time covered 
by our historical records — some few thousands of years 
at most — ^are both far too short to be of any service 
for our purpose We must find far longer measuring 
rods with which to sound the depths of past time and 
to probe forward into the future. 

Our general method will be one which the study 
of geology has already made familiar Undeterred by 
the absence of direct historical evidence, the geologist 
insists that life has existed on earth for millions of 
years, because fossil remains of life are found to occur 
under deposits which, he estimates, must have taken 
millions of years to accumulate As he digs down 
through different strata in sucecssion, he is exploring 
in time ]ust as truly as the geographer who travels 
over the surface of the earth is exploring in space 
A similar method can be used by the astronomer We 
find some astronomical effect, quality, or property, 
which exhibits a continual accumulation or decrease, 
like the sand in the bottom or top half of the hour- 
glass, we estimate the rate at which this increase or 
decrease is occurring at the present moment, and also, 
if we can, the rate at which it must have occurred 
under the different conditions prevailing m the past. 
It then becomes a question, perhaps of mere arith- 
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metic, although possibly of more complicated mathe- 
matics, to estimate the time which has elapsed since 
the process first started. 


THE AGE OF THE EARTH 


The method is well exemplified m the comparatively 
simple problem of the age of the earth 

The first scientific attempt to fix the age of the 
earth was made by Halley, the astronomer, in the 
year 1715 Each day the rivers carry a certam 
amount of water down to the sea, and this con- 
tains small amounts of salt in solution The water 
evaporates and in due course returns to the rivers, 
the salt does not As a consequence the amount of salt 
in the oceans goes on increasmg, each day they contain 
a little more salt than they did on the preceding day, 
and the present salinity of the oceans gives an indica- 
tion of the length of time during which the salt has 
been accumulating “We are thus furnished with an 
argument,” said Halley, somewhat optimistically, “for 
estimating the duration of all things 

This line of argument does not lead to very precise 
estimates of the earth’s age, but calculations based on 
modern data suggest that it must be many hundreds 


of millions of years 

More valuable information can be obtained from tne 
accumulation of sediment washed down by the ram 
Every year that passes witnesses a levelling or tne 
earth’s surface Soil which was high up on the slopes 
of hills and mountains last year has by now been washed 
down to the bottoms of muddy rivers by the ram and 
IS continually being carried out to sea The Thames 
alone carries between one and two million tons of soil 
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out to sea every year Foi how long will England last 
at this rate, and for how long can it have already lasted^ 
In our own lifetimes we have seen large masses of land 
round our coasts form landslides, and either fall 
wholly into the sea or^hp down nearer to sea-level 
Such conspicuous land-marks as the Needles, and indeed 
a large part of the southern coast of the Isle of Wight, 
are disappearing before our eyes The geologist can 
form an estimate of the rapidity with which these and 
similar processes are happening, and so can estimate 
how long sedimentation has been m progress to produce 
the observed thickness of geological layers 

These thicknesses are very great. Professor Arthur 
Holmes'** gives the observed maximum thicknesses as 
follows* 

Pre-Cambrian at least 180,000 feet 

Palaeozoic Eia (Ancient life) 185,000 „ 

Mesozoic Era (Mediaeval life) 91,000 „ 

Cainozoic Eia (Modern life) 78,000 „ 

We can form a general idea of the rate at which 
these sediments have been deposited Sm ce Rameses II 
reigned in Egypt over 3000 years ago, sediment has 
been deposited at Memphis at the rate of a foot every 
400 or 500 years, the excavator must dig down 6 or 
7 feet to reach the surface of Egypt as it stood when 
Rameses II was king The present rate of denudation 
in North America is estimated to be one foot in 8600 
years, similar estimates for Great Britain indicate a 
rate of one foot in 8000 years With geological strata 
deposited at an average rate of one foot per 1000 years, 
the total 529,000 feet of strata listed above would 

* In discnssmg the earth’s age, I have borrowed extensively from 

Professor Holmes’ book. The Age of the Earth 
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require over 500 million years for their deposition 
At a rate of one foot per 4000 years, the tune would be 
about 2100 million years 

This method of estimating geological time has been 
described as the “Geological hour-glass ” We see how 
much sand has already run, we notice how fast it is 
running now, and a calculation tells us how long it is 
since it first started to run The method suffers from 
the usual defect of hour-glasses, that there is no guaran- 
tee that the sand has always run at a uniform rate 
Geological methods sufl&ce to shew that the earth must 
be hundreds of millions of years old, but to obtain 
more definite estimates of its age, the more precise 
methods of physics and astronomy must be called in 
Fortunately the radio-active atoms discussed m the 
previous chapter provide a perfect system of clocks, 
whose rate so far as we know does not vary by a hair s 
breadth from one age to another. 

We have seen how, with the lapse of sufficient time, 
an ounce of uranium disintegrates into 0 865 ounce 
of lead and 0 135 ounce of helium The process of 
disintegration is absolutely spontaneous, no physical 
agency known in the whole universe can either inhibit 
or expedite it in the tiniest degree The following table 
shews the rate at which it progresses 


History of One ounce of Uranium 


Initially 

Afler 100 million years 
„ 1000 „ 

„ 2000 „ 

„ 8000 „ 


1 oz uramum No lead 
0 985 oz uranium 0 013 oz 

0 865 „ „ 0 116 » 

0 747 „ „ 0 219 „ 

0 046 „ „ 0 306 „ 


lead 


>» 


and so on Thus a small amount of uranium provides 
a perfect clock, provided we axe able to measure the 
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amount of lead it has formed, and also the amount of 
uranium still surviving, at any time we please. When 
the earth first solidified, many fragments of uranium 
were impnsoned m its rocks, and may now be used to 
disclose the age of the earth We are not entitled to 
assume that all the lead which is found associated with 
uramum has been formed by radio-active integiation 
But, by a fortunate chance, lead which has been formed 
by the disintegration of uranium is 3 ust a bit different 
from ordinary lead, the latter has an atomic weight 
of 207 2, while the former is of atomic weight only 
206 0. Thus a chemical analysis of any sample of radio- 
active rock shews exactly how much of the lead present 
is ordmary lead, and how much has been formed by 
radio-active disintegration The proportion of the 
amount of lead of this latter kind to the amount of 
uranium still suivivmg tells us exactly for how long 
the process of disintegration has been going on. 

In general all the samples of rock which are examined 
tell much the same story, and the radio-active clock 
is found to fix the time smee the earth solidified at 
1400 million years or more The clock cannot tell us 
for how long before this the earth had existed m a plastic 
or flmd state, since m this earher state the products of 
disintegration were liable to become separated from one 
another 

Aston has recently discovered a new isotope (sec 
p 118) of uramum, called actino-uranmm As uranium 
and its isotope have different periods of decay, the 
relative abundance of the two is continually changing 
From the ratio of the amounts of these substances 
now surviving on earth, Rutherford has calculated that 
the age of the earth cannot exceed 3400 million years, 
and is probably substantially less 
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These two physical estimates of the time which has 
elapsed since the caith solidified stand as follows 

Age of llw Edith by the Radio-active Clock 

1 Fioin I lie lead-imimum ^ 

lalio in rtulio-active V More than 1400 million years 
loelvs ) 

2 Fiom the relilivc ahiin- 1 

diince ot nuinium and > Less than 3100 million years 
'Klino-manuim ) 

Various asttonomical tnclhods arc also available for 
dctcniiimng the time since the solar system came 
into being. IIcic the “clocks” are provided by the 
shapes of tlic oibits of various planets and satellites 
The Dibits do not change at uniform rates, but their 
changes aie dctci rained by known laws, so that the 
matheniatieian can calculate the rates at which change 
occurred under past conditions, and hence, by totalling 
up, can deduce the time needed to establish present 
conditions. The following two estimates arc both due 
to Dr 11 Jeffreys: 

Age of the SoldT System lyy the Astmioviical Clock 

1 From the oibil ol Mm-uiy Viom 1000 to 10,000 million years 
•2 llic Moon Kon"Wy about 4000 million years 

While these various figures do not admit of any very 
exact estimate of the earth’s age, they all indicate that 
this must be measured in thousands of millions of 
ycat s Tf we wish to fix our thoughts on a round num- 
ber, probably 2000 million years is the best to select 


THE AGES OF THE STARS 

We now turn to the fai more difficult problem of 
determining the ages of the stars 

We shall not approach it by a direct fiontal attack. 
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but start far away from our real objective Let us m 
fact start at the extreme other end of the universe, and 
delve a bit further into the properties of a gas. 

EQUIPAETITION OF ENEEGY IN A GAS We haVC 

pictured a gas as an indiscriminate flight of molecule- 
bullets These fly equally in all directions, occasionally 
crashing into one another, and in so doing, changing 
both their speeds and directions of flight We have seen 
that the total energy of motion undergoes no decrease 
when such collisions occur If one of the molecules taking 
part in a collision has its speed checked, the other has 
its speed increased by such an amount that the energy 
lost by one molecule is gained by the other Total 
energy of motion is “ conserved ” 

Into this random hail of bullets, let us imagine that 
we project a far heavier projectile, which we may call 
a cannon-ball, with a speed equal to about the average 
speed of the bullets The energies of the various pro- 
jectiles are proportional jointly to their weights and to 
the squares of their speeds, so that in the present case, 
in which the speeds are all much the same, the big 
projectile has more energy than the bullets simply on 
account of its greater weight If it weighs as much as 
a thousand bullets, it has a thousand times as much 
energy as each single bullet 
Yet the heavy projectile cannot for long continue 
swaggering through its lesser companions with a 
thousand times its fair share of energy Its first ex- 
perience IS to encounter a hail of bullets on its chest 
Very few bullets hit it in the back, for they are only 
moving at about its own speed, and so can hardly 
overtake it from behind. Moreover, even if they do, 
their blows on its back are very feeble because they are 
hardly moving faster than it But the shower of blows 



Exploring in Time 157 

on its chest is serious, every one of these tends to 
check its speed, and so to lessen its energy. And as 
the total energy of motion is conserved at every 
collision, it follows that, while the big pro]ectile is losing 
energy all the time, the little ones must be gaming 
energy at its expense 

For how long will this interchange of energy go on? 
Will it, for instance, continue until the big projectile 
has lost all its energy, and been brought completely 
to rest'^* The problem is one for the mathematician, 
and it admits of a perfectly exact mathematical solu- 
tion, which Maxwell gave as far back as 1859. The big 
projectile is not deprived of all its energy As its speed 
gradually deci eases, conditions change m all sorts of 
ways When we allow for this change of conditions, 
we find that the energy of the big projectile goes on 
decreasing, not until it has lost all its energy, but until 
it has no more energy than the average bullet When 
this stage is reached, the hits of the bullets are as 
likely on the average to increase the energy of the big 
projectile as to decrease it, so that this ends up by 
fluctuating around an amount equal to the average 
energy of the little projectiles 

Maxwell, and others after him, further shewed that 
no matter how many kinds of molecules there may be 
mixed together m a gas, and no matter how widely 
their weights may differ from one another, their re- 
peated collisions must ultimately establish a state of 
things in which big molecules and little, light and 
heavy, all have the same average energy This is known 
as the theorem of cquipartition of energy. It does not 
mean that at any single instant all the molecules have 
precisely the same energy, obviously such a state of 
things could not continue for a moment, since the rst 
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collision, between any pair of molecules would upset it 
immediately But on averagmg the energy of each 
molecule over a sufficiently long period of time— say a 
second, which is a very long time indeed in the life of a 
molecule, bemg the time in which at least a hundred 
milhon collisions occur — we shall find that the average 

energy of all the molecules is the same, regardless of 
their weights 

The same theorem can be stated in a shghtly 
different form Air consists of a mixture of molecules 
of different kinds and of different weights — ^molecules 
of helium which are very light, molecules of nitrogen 
which are far heavier, each weighing as much as seven 
molecules of helium, and the still heavier molecules of 
oxygen, each with the weight of eight molecules of 
ehum. In its alternative form, the theorem tells us 
that at any instant the average energy of all the 
molecules of hehum, m spite of their light weights, is 
exactly equal to the average energy of the molecules 
of nitrogen, and again each of these is exactly equal 
to the average energy of the molecules of oxygen The 
lighter types of molecule make up for their small 
weights by their high speeds of motion Similar state- 
ments are of course true for any other mixture of 
gases 

The truth of the theorem is confirmed observation- 
ally in a great vanety of ways In 1846, Graham 
measured the relative speeds with which the molecules 
of different kinds of gas moved, by observing the rates 
at which they streamed through an orifice into a 
vacuum, these proved to be such that the average 
energies of the various types of molecules were precisely 
equal to one another Even earlier than this, Leslie 
and others had used this method to determine the 
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relative weights of different molecules, although with- 
out fully understanding the underlying theory Thus it 
may be accepted as a well-established law of nature 
that no molecule is allowed permanently to retain more 
energy than his fellows, m respect of their energies of 
motion, a gas forms a perfectly organised communistic 
state in which a law, which they cannot evade, compels 
the molecules to share their energies equally and 
fairly 

Subject to certain slight modifications, the same law 
applies also to liquids and solids. In liquids and gases, 
we can actually perform an experiment analogous to 
that of projecting our imaginary cannon-ball into the 
hail of molecule-bullets, and watch events We may 
take a few grains of very fine powder, powdered gam- 
boge or lycopodium seed, for instance, and let these 
play the part of super-molecules amongst the ordinary 
molecules of a gas or liquid A powerful microscope 
shews that these super-molecules are not brought 
completely to rest, but retain a certain liveliness of 
movement, as they are continually hit about by the 
smaller and quite invisible true molecules It looks 
for all the world as though they were affected by a 
chronic St Vitus’ dance, which shews no signs of 
diminishing as time goes on These movements are 
called Brownian movements,” after Robert Brown, the 
botanist, who first observed them m the sap of plants. 
Brown at first interpreted them as evidence of real life 
m the small particles affected by them, an interpreta- 
tion which he had to abandon when he found that 
particles of wax shewed the same movements. In a 
series of experiments of amazing delicacy, Perrin not 
only observed, but also measured, the Brownian move- 
ments of small solid particles as they were hit about 
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collision between any pair of molecules would upset it 
immediately. But on averaging the energy of each 
molecule over a sufficiently long period of time — say a 
second, which is a very long time indeed in the life of a 
molecule, being the time in which at least a hundred 
million collisions occur — ^we shall find that the average 
energy of all the molecules is the same, regardless of 
their weights. 

The same theorem can be stated in a slightly 
different form. Air consists of a mixture of molecules 
of different kinds and of different weights — molecules 
of helium which are very light, molecules of nitrogen 
which are far heavier, each weighing as much as seven 
molecules of helium, and the still heavier molecules of 
oxygen, each with the weight of eight molecules of 
helium. In its alternative form, the theorem tells us 
that at any instant the average energy of all the 
molecules of helium, in spite of their light weights, is 
exactly equal to the average energy of the molecules 
of nitrogen, and again each of these is exactly equal 
to the average energy of the molecules of oxygen The 
lighter types of molecule make up for their small 
weights by their high speeds of motion Similar state- 
ments are of course true for any other mixture of 
gases. 

The truth of the theorem is confirmed observation- 
ally m a great variety of ways In 1846 , Graham 
measured the relative speeds with which the molecules 
of different kinds of gas moved, by observing the rates 
at which they streamed through an orifice into a 
vacuum, these proved to be such that the average 
energies of the various types of molecules were precisely 
equal to one another Even earlier than this, Leslie 
and others had used this method to determine the 
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relative weights of different molecules, although with- 
out fully understanding the underlying theory Thus it 
may be accepted as a well-established law of nature 
that no molecule is allowed permanently to retain more 
energy than his fellows, in respect of their energies of 
motion, a gas forms a perfectly organised communistic 
state in which a law, which they cannot evade, compels 
the molecules to share their energies equally and 
fairly 

Subject to certain slight modifications, the same law 
applies also to liquids and solids In liquids and gases, 
we can actually perform an experiment analogous to 
that of projecting our imaginary cannon-ball into the 
hail of molecule-bullets, and watch events We may 
take a few grams of very fine powder, powdered gam- 
boge or lycopodium seed, for instance, and let these 
play the part of super-molecules amongst the ordinary 
molecules of a gas or liquid A powerful microscope 
shews that these super-molecules are not brought 
completely to rest, but retain a certain liveliness of 
movement, as they are continually hit about by the 
smaller and quite invisible true molecules It looks 
for all the world as though they were affected by a 
chronic St Vitus’ dance, which shews no signs of 
diminishing as time goes on These movements are 
called “ Brownian movements,” after Robert Brown, the 
botanist, who first observed them in the sap of plants 
Brown at first interpreted them as evidence of real life 
in the small particles affected by them, an interpreta- 
tion which he had to abandon when he found that 
particles of wax shewed the same movements In a 
series of experiments of amazing delicacy, Perrin not 
only observed, but also measured, the Brownian move- 
ments of small solid particles as they were hit about 
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by the molecules of air and other gases, and deduced 
the weights of the molecules of these gases with great 
accuracy. 

STELLAR EQUIPARTITION OF ENERGY. We CaH 

now get back to the stars The theorem of cquipartition 
of energy is true not only of the molecules of a gas, and 
of a solid, and of a liquid; it is true also of the stars of 
the sky. The processes of mathematics are applicable 
to the very great as well as to the very small, and a 
theorem which is proved true for the minutest of atoms 
IS equally true for the most stupendous of stars, pro* 
vided of course that the premisses on which it is based 
remain tiuc, and do not suffer by transference from the 
small to the great end of the universe. 

Now the conditions which are ncccssaiy for the 
theorem of equipartition of energy to be true happen 
to be amazingly simple, indeed it is difficult to believe 
that such wide consequences can follow from such 
simple conditions They amount to practically nothing 
beyond a law of continuity and a law of causation; in 
other words, that the state of the system at any instant 
shall follow inevitably from its state at the preceding 
instant, or if you like, that there shall be no frec*will 
among the molecules or stars or other bodies whose 
motions are under discussion In the present turmoil 
as to the fundamental laws of physics, we cannot be 
entirely certain as to how far these very simple condi fcions 
are fulfilled in the molecular problem, although abun* 
dant observational evidence makes it clear that the 
law of equipartition holds, at any rate to an exceedingly 
good approximation, in an ordinary gas. 

On the other hand, there is not the slightest doubt 
as to what determines the motions of the stars; it is 
the law of gravitation, every star attracting every 
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other star with a force which varies inversely as the 
square of their distance apart This is Newton’s form 
of the law, but it is a matter of complete mdifferenee 
for our present purpose whether we use the law in 
Newton’s or m Einstein’s form, for stellar problems 
the two are practically indistinguishable, and there 
IS abundant evidence, particularly from the observed 
orbits of binary stars, in favour of either The essential 
point IS that, from the single supposition that the 
motions of the stars are governed by either of these 
laws of gravitation — or, for the matter of that, by any 
other not entirely dissimilar law — we can prove the 
theorem of equipartition of energy to be true for these 
motions. No subtle statement of exact conditions is 
required, the mere law of gravitation, together with 
the supposition that the stars cannot exercise free-will 
as to whether they obey it or not, is enough 

It IS important to understand quite clearly what 
precisely the theorem asserts when applied to the stars 
It does not of course assert that all the stars in the 
sky have equal energies It does not even assert that 
on the average the heavy-weight stars in the sky have 
the same energy as the light-weight stars What it 
asserts is that if we put any miscellaneous assortment 
of stars into space, then, after they have mteracted 
with one another for a sufficient length of time (this is 
the essential point), those which started with more than 
their fair share of energy will have been compelled to 
hand over their excess to stars with lesser energy, so 
that the average energy of all the different types of 
stars must necessarily become reduced to equahty in 
the long run 

In the molecular problem, the interaction between 
the molecules takes place through the medium of 
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collisions, and equipartition of energy is established, to 
a very good approximation, after some eight or ten 
collisions have happened to each molecule. In ordinary 
air, this requires a period of only about a hundred- 
millionth part of a second 

In the stellar problem, we are dealing with very 
different lengths of time, collisions only occur at 
intervals of thousands of millions of millions of years 
If the stars only redistributed their energy when actual 
collisions occurred, we might surmise that a close 
approximation to equipartition of energy would not 
be attained until after each star had experienced 
eight or ten collisions, and this would require a really 
stupendous length of time Actually no such length of 
time is needed because the numerous gravitational pulls, 
even between stars which are at a considerable distance 
apart, equalise energy far more efficiently and ex- 
peditiously than the very rare direct hits Every time 
that two stars happen to pass even fairly near to one 
another in their wanderings, each pulls the other a bit 
out of its course, and the directions and speeds of 
motion of both stars are changed — by much or little 
according as the stars pass quite close to one another 
or keep at a substantial distance apart In brief, each 
approach of stars causes an interchange of energy, and 
after sufficient time, these repeated interchanges of 
energy result in the total energy being shared equally, 
on the average, between the stars, regardless of differ- 
ences in their weights 

Now the crux of the situation, to which all this has 
been leading up, is that observation shews that stars 
of different weights are moving with different average 
speeds, these average speeds being such that equi- 
partition of energy already prevails among the stars — 
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not absolutely exactly, but to a tolerably good approxi- 
mation 

The question of how long the stars must have inter- 
acted to reach such a condition now becomes one of 
absolutely fundamental importance, for the answer tells 
us the ages of the stars 

STELLAR VELOCITIES We have already Seen (p. 48) 
how stars which form binary systems can be weighed, 
such weighings disclosing weights ranging from about 
a hundred times the weight of the sun to only a fifth 
of its weight The speeds of motion of binary systems 
can be measured in precisely the same way as the 
speeds of single stars As far back as 1911, Halm, 
with an accumulation of such measurements before 
him, pointed out that the heaviest stars moved the 
most slowly He found that, on the average, the 
heaviest of known stars had approximately the same 
energy of motion as the lightest, the high speeds of the 
latter ]ust about making up for the smallness of their 
weights, and so suggested that the velocities of the 
stars, like those of the molecules of a gas, might be 
found to conform to the law of equipartition of energy. 
It appeared to be a case of Brownian movements on 
a stupendous scale 

Since then a great deal more observational evidence 
has accumulated, and an exhaustive investigation 
made by Dr Seares of Mount Wilson m 1922 leaves 
very little room for doubt that the motions of the stars 
shew a real, and fairly close, approximation to equi- 
partition of energy The table overleaf shews the final 
result of Scares’ discussion. 

The stars are first classified according to the different 
types of spectrum their light shews when analysed in 
a spectroscope. 
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Equiparlition of Energy in Stellar Motions 


Type of star 

Avorapfc 

weipflit 

M 

(grammes) 

Average 

speed 

a 

(ems ascc ) 

Average^ 

energy 

(cigs) 

(Corre- 

sponding 

temperature 

(degrees) 

Spectral type M 

1» 8 XlO’f 

14 8 xK)‘ 

1 ill Xl0*“ 

1 0 xlO»» 

„ £83 

12 9 

15 8 

1 02 

0 8 

„ AO 

12 1 

24 5 

3 03 

1 8 

„ ^2 

10 0 

27 2 

3 72 

1 8 

„ AS 

80 

29 9 

3 55 

1 7 

„ £ 0 

50 

35 9 

3 24 

1 6 

„ £5 

31 

47 9 

3 55 

1 7 

„ GO 

20 

04 0 

4 07 

2 0 

» G 5 

1 5 

77 0 

4 57 

22 

„ KO 

14 

79 4 

4 27 

2 1 

„ Jsrs 

12 

74 1 

3 31) 

17 

„ ilfO 

12 

77 0 

3 55 

1 7 


These different types of stars have very different 
average weights , the second column of the table shews 
that they exhibit a range of over 10 to 1. The third 
column, which gives the average speeds of tlussc dif- 
ferent types of stars, shews that tlie lic'avu'st slurs 
move the most slowly, and the lightest on the whole 
the most rapidly The next column gives the average 
energy of motion of the different types of stars This 
shews that the variation in speeds is just about that 
needed to make the average energies of all types of 
stars equal An exception certainly occurs m the first 
two lines, which refer to the heaviest stars of all. Apart 
from these, the remaining ten lines shew a ratio of 
10 to 1 in weight, whereas the average deviation of 
energy from the mean is only one of 9 per cent. 

From this we see that the motions of the stars shew 
a real approach, and even a fairly close afiproach, to 
equipartition of energy. The question which naturally 
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Iffescnts is whether this upproximate tspiality of 
etKTjifv can lie attributed to any other eausi' than long- 
eoiit limed gravitational interaetum between the .stars. 
This latter ageney eould undoubtedly pnxluee it, hut 
eould anything else pnxluee a sitmlar result? The last 
eoliinm of the table provides the answer. It shews the 
temperatures to whieh a gas would have to be raised, 
in order that each of its moleeules should have the same 
energy as the different types of slais. This may well 
seem an absuid ealeulation A star weighing miliums of 
nulhons of millions of tons goes hint, ling thiough spaee 
at a speed of about I,0()0,0<)0 miles an hour; are we 
seriously setting out to nupure how hot a gas must be 
foi eveiv Singh' one o( its tiny moleeuh's to hav(> the 
sanu' eneigv of motion, the sanu- power of doing damage 
foi that is what i-nergy of motion ri'ally amounts to 
as the star? 'I'he I’aleulation is undoubtedly absurd, 
an<l it is nieuiif to be, beeause it is leailing up to a 
miiu’lio ad absiiidtnu. If the observed eipiipartitum of 
I'lieigv wi re brought about by any physieal ageney, 
sueli as pressuii' of uuliation, bombardment, by nioh*- 
eult's, by atoms or b\ high speixl eleetrons, this agi'iiey 
wouhl have to lx* at a tempi rat ure, oi in eiiuilibnum 
with matter at a lenij>eratur<‘, of the order of those 
given in the last eolumn. TIu'seare temperatures of the 
order of 10“® di'grees. We ean be pretty sure no sueh 
temperature existsin nature, whenee the argument runs 
that the observed (‘(piipartition of energy cannot have 
b(*en brought about liy pliysieal means, and so must be 
the result of gravitational internet ion bet ween the stars. 

The age of the stais is, IIh'Ii, simply 1h<‘ length of 
time nei'iled for gravitational forces to bring about as 
good an approximation to eipiipartil ion of energy as 
is olisiTved. 
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The calculation of this length of time presents a 
comphcated but by no means mtractable problem AH 
the necessary data are available, and as the method of 
calculation IS well understood from previous expenence 
in the theory of gases, the mathematician may be 
trusted to supply a rehable and reasonably exact 
answer when we ask him, but even without his help 
we can see that the time must be very long indeed 

Leavmg actual figures aside for the moment, we 
may find it easier to thmk m terms of the scale-model 
we constructed m the first chapter (p 88) We took 
our scale so small that the stars were reduced to tiny 
specks of dust, we noticed that space is so little 
crowded with stars that m our model the specks of 
dust had to be placed over 200 yards apart, to put it all 
m a concrete form, we found that Waterloo Station with 
only SIX specks of dust left in it is more crowded with 
dust than space is with stars Now let the model come 
to life, so as to represent the motions of the stars To 
keep the proportions nght, the speed of the stars must 
of course be reduced m the same proportion as the 
linear dimensions of the model In this the earth’s 
yearly journey round the sun of 600 million miles had 
become reduced to a pin-head a sixteenth of an inch 
in diameter, or, say, a fifth of an mch in circumference 
As the stars move through space with roughly the same 
speed as the earth in its orbit, we may suppose the 
yearly journey of each speck of dust in our model also 
to be about a fifth of an inch Thus each speck of dust 
will move about an inch in five years, roughly 16 feet 
m a thousand years — or say a ten-millionth part of a 
snail’s pace Even if two specks started moving directly 
towards one another it would take them about 20,000 
vears to meet For how long must six particles of dust. 
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floating blindly about m Waterloo Station, move at 
this pace before each has had enough close meetings 
•with other specks of dust for their energy of motion to 
become thoroughly redistributed’ 

The mathematician, carrying out exact calculations 
■with respect to the actual weights, speeds and distances 
of the stars, finds that the observed degree of approxi- 
mation to equipartition of energy shews that gravi- 
tational interaction must have continued through 
millions of millions of years, most probably from 5 to 
10 millions of millions of years This, then, must be 
the length of life of the stars. 

It IS a stupendous length of time, and before finally 
accepting it we may well look for confirmation from 
other sources In estimating the age of the earth we 
were able to invoke assistance from all kinds of clocks, 
astronomical, geological and physical , happily they all 
told much the same story In the present problem 
only astronomical clocks are available, but fortunately 
there are no fewer than three of these, and again they 
agree in saying much the same thing 

THE ORBITS OF BINARY SYSTEMS We have al- 
ready seen (p 47) how the two constituents of a binary 
system permanently describe closed elliptical orbits 
about one another, because neither can escape from the 
gravitational hold of its companion Energy can reside 
in the orbital motion of these systems, as well as in 
their motion through space And strict mathematical 
analysis shews that a long succession of gravitational 
pulls from passing stars must finally result in equi- 
partition of energy, not only between the energies of 
motion of one system and another through space, but 
also between the various orbital motions of which each 
binary system is capable. When this final state of 
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equipartition is ultimately reached, the orbits of the 
systems will not all be similar, but it can be shewn that 
their shapes will be distributed according to a quite 
simple statistical law* As the orbits of actual systems 
are not found to conform to this law, it is clear that 
the stars have not yet lived long enough to attain equi- 
partition of energy m respect of their orbital motions 
It IS impossible to discuss how far they have travelled 
along the road to equipartition without knowing the 
point, or points, from which they started 
The question of the origm of binary systems will be 
discussed more fully in the next chapter For the 
moment it may be said that they appear to come into 
being in two distinct ways 

Practically all astronomical bodies are in a state of 
rotation about an axis The earth rotates about its axis 
once every 24 hours, and Jupiter once every 10 hours, as 
IS shewn by the motion of the red spot and other mark- 
ings on its surface The surface of the sun rotates every 
26 days or so, we can follow its rotation by watching 
sun-spots, faculae and other features moving round and 
round its equator There are theoretical grounds for 
supposing that the sun’s central core rotates consider- 
ably faster than this, most probably performing a 
complete rotation in comparatively few days. And it 
IS likely that all the other stars in the sky are also in 
rotation, some fast and some slow We shall see later 
how, with advancing age, a star is likely to shrink in 
size, and this shrmkage generally causes its speed of 
rotation to increase Now mathematical theory shews 
that there is a critical speed of rotation which cannot 
be exceeded with safety If the star rotates too fast 

* The eccentricity of orbit e is distributed in such a way that all 
values of from e* = 0 to = 1 are equally probable 
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for safety, it simply bursts into two, much as a rotating 
fly-wheel may burst if it is driven at too high a speed 
It IS in this way that one class of binary stars come into 
being With a few exceptions this class is identical with 
the class of spectroscopic binaries described in Chapter i 
(p 52), the two component stars are generally too 
close together to appear as distinct spots of light in the 
telescope, only spectroscopic evidence teUing us that 
we are dealing with two distinct bodies 

Another class of binaries, the visual binaries, which 
appear quite definitely as pairs of spots of light in the 
telescope, probably have a different origin We shall 
see later how the stars first come into being as con- 
densations of nebulous gas, a whole shoal being born 
when a single great nebula breaks up It must often 
happen that adjacent condensations are so near as to be 
unable to elude each other’s gravitational grip In time 
these shrink down into normal stars, while the gravi- 
tational forces remain just as powerful as before, and 
we are left with a pair of stars which must permanently 
journey through space in double harness, because they 
have not energy of motion enough ever to get clear 
of one another’s gravitational hold This mechanism 
produces a class of binaries which is precisely similar 
to that formed by the break-up of single stars, except 
for an enormous difference in scale The distance 
between the two components of such a system must 
be comparable with the original distance between 
separate condensations in the primaeval nebula out of 
which the stars were born, and so is enormously greater 
than the corresponding distance m spectroscopic 
binaries, which is comparable only with the diameter 
of an ordinary star which has broken into pieces. 
This explains why visual binaries appear as distinct 



170 The Universe Around Us 

pairs of spots of light, while spectroscopic binaries do 
not 

In the final state of eqmpartition of energy, the 
shapes of the orbits will, as we have seen, be dis- 
tributed according to a definite statistical law This 
law of distribution is the same for all sizes of orbit 
On the other hand, the time needed for equipartition 
of energy to bring this law about is not the same for 
all sizes of orbit, it is far greater for the compact orbits 
of the spectroscopic binaries than for the more open 
orbits of the visual binaries The reason for this is that 
changes m the shape of an orbit are caused merely 
by the d%fference of the gravitational pulls of a passing 
star on the two components of the binary If the two 
components are very close together, the passing star 
exerts practically the same forces on both. These 
forces affect the motions of the two components m 
precisely the same way, with the result that the motion 
of the binary system as a whole through space is 
changed, but the shape of orbit remains unaltered. 
The passing star gets a grip on the motion of the binary 
as a whole, but none on the orbits of the components 
On the other hand, when the components are far apart, 
the gravitational forces acting on the two may be widely 
different, so that a substantial change m the shape 
of the orbit may result, even if the encounter is not 
a very close one. In visual binaries, in which the 
components are usually hundreds of millions of miles 
apart, the time necessary to establish the final dis- 
tribution of the ‘‘eccentricities,” by which the shapes 
of elliptical orbits are measured, is once again found 
to be of the order of millions of millions of years, but 
it IS something like a hundred times as great as this 
for the far more compact spectroscopic binaries. 
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The following table, compiled from material given 
by Dr Aitken of Lick Observatory, shews the observed 
distribution of eccentricities in the orbits of those 
binaries for which accurate information is available 

The Approach to EqmparMion of Energy %n Binary Orbits 


Eccentricity 
of Orbits 

Observed 
number of 
spectroscopic 
binaries 

Observed 
number of 
visual 
binaries 

Number to be ex- 
pected theoreti- 
cally when the 
final state is 
attained 

0 to0 2 

78 

7 

6 

0 2 „ 04 

18 

18 

18 

0 4 „ 0 6 

16 

28 

30 

0 6 „ 0 8 

6 

11 

42 

0 8 „ 1 0 

1 

4 

54 


Let us look first at the spectroscopic binaries. In 
the observed orbits, we see that low eccentricities 
predominate, no fewer than 78 out of 119 having an 
eccentricity of less than one-fifth In other words, most 
spectroscopic binaries have nearly circular orbits 
Both theory and observation shew that when a star 
first divides up into a spectroscopic binary, the orbits 
of the two components must be nearly circular, so that 
the table of observed orbits provides very little evidence 
of any progressive change of shape m the orbits as a 
whole In contrast to this, the last column of the table 
shews the proportion of orbits of different eccentricities 
which is to be expected when, if ever, equipartition of 
energy is finally attained Here high eccentricities, 
representing very elongated orbits, predominate, only 
one orbit in twenty -five is so nearly circular as to have 
an eccentricity less than a fifth 

In general the observed numbers tabulated in the 
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second column shew no resemblance at all to the 
theoretical numbers tabulated in the fourth column. 
In other words, the spectroscopic binaries shew no sug- 
gestion of any near approach to the final state, most of 
them retaining the low eccentricity of orbit with which 
they started life We should naturally expect this, 
since we have seen that hundreds or even thousands of 
millions of millions of years would be needed for these 
orbits to attain a final state of equipartition, and the 
stars cannot be as old as this, for if they were, their 
motions through space ought to shew absolutely per- 
fect equipartition, which they certainly do not 

Turning now to the third column, we see that the 
visual binaries shew a good approach to the theoretical 
final state up to an eccentricity of about 0 6, but not 
beyond. The deficiency of orbits of high eccentricity 
may mean that gravitational forces have not had suffi- 
cient time to produce the highest eccentricities of all, 
but part, and perhaps all, of it must be ascribed to 
the simple fact that orbits of high eccentricity are 
exceedingly difficult to detect observationally and to 
measure accurately. 

Clearly, then, the study of orbital motions, like that 
of motions through space, points to gravitational action 
extending over millions of millions of years In each case 
there is an exception to “prove the rule ” In the case 
we have just considered it is provided by the spectro- 
scopic binaries, which are so compact that their 
constituents can defy the pulling-apart action of 
gravitation , m the former case it was provided by the 
£“type stars, which are so massive, possibly also so 
young, that the gravitational forces from less weighty 
stars have not yet greatly affected their motion 

When these two lines of evidence are discussed in 
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detail, they agree in suggesting that the general age of 
the stars is about that already stated, namely, from 
five to ten millions of millions of years 

MOViNGCLUSTERS A third line of evidence, which 
also tells much the same story, may be briefly mentioned 
The conspicuous groups of bright stars in the sky, such 
as the Great Bear, the Pleiades and Orion’s Belt, 
consist for the most part of exceptionally massive stars 
which move in regular orderly formation through a 
jumble of slighter stars, like a flight of swans through 
a confused crowd of rooks and starlings Swans con- 
tinually adjust their flight so as to preserve their 
formation The stars cannot, so that their orderly 
formation must in time be broken by the gravitational 
pull of other stars. The lighter stars are naturally 
knocked out of formation first, while the most massive 
stars retain their formation longest Observation 
suggests that this is what actually happens to a moving 
star-cluster, at any rate the stars which remain m 
formation generally have weights far above the average 
And, as we can calculate the time necessary to knock 
out the lighter stars, we can at once deduce the ages 
of those which are left m 

The result of the calculation confirms those already 
mentioned, so that we find that the three available 
astronomical clocks all tell much the same time They 
agree m indicating an age of the order of five to ten 
millions of millions of years for the stars as a whole 

Another line of investigation, to be mentioned later 
(p 188 ) again points to a similar age. 

It IS perhaps a little surprising that this age should 
prove to be so much longer than the age of the earth, 
although there is of course no positive reason why the 
earth should not have been born during the last few 
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are less completely broken up Fmally, close to the 
sun’s surface, we may meet atoms which are com- 
pletely formed except perhaps for one or two of their 
outermost electrons In the surfaces of the coolest 
stars of all, we even find complete molecules, as, for 
example, the molecules of titanium oxide and mag- 
nesium hydride, which shew themselves m the spectra 
of the red stars 

When the internal constitution of other stars is in- 
vestigated m the same way, all mam-sequence stars 
are found to have about the same central temperatures 
as the sun. Moreover, this is not the only property 
which they have m common Fig 28, which exhibits 
Scares’ calculations of mean stellar densities, shews 
that the mean densities of mam-sequence stars are 
all approximately the same, except for comparatively 
small deviations at the two extremities 

The mean density of the sim is 1 4, which means 
that the average cubic metre m the sun contams 1 4 
ton of matter At the sun’s centre, the density is 
about 100 times this, so that a cubic metre there con- 
tams about 140 tons of matter For comparison, a 
cubic metre of lead contains only about 11 tons If all 
stars were built on the same model as the sun, any 
two stars which had the same mean density would 
also have equal densities at their centres. But m stars 
having several times the weight of the sun, a new 
factor comes mto play, namely pressure of radiation 

the pressure which radiation exerts m virtue of the 
weight It cames about with it. In most stars this 
pressure is insignificant m comparison with the pres- 
^ire produced by the impact of material atoms and 
^ectrons, but m very massive stars it is large enough 
to influence the structure of the star. It is to this that 
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the very massive stars whose diameters are tabulated 
on p 272 owe their abnormally large size. It is a 
general consequence of the disturbing effects of radia- 
tion-pressure, that the weight of a very massive star 
is far more concentrated in its central regions than that 
of a lighter star, so that if a light and a massive star 
have the same average density, the latter will have by 
far the higher density at its centre When this dis- 
turbing factor is allowed for, all stars m the upper part 
of the mam-sequence are found to have approximately 
the same densities in their central legions, a density 
about equal to that at the centre of the sun, which 
we may estimate at 140 tons to the cubic metre. 
And we have already seen that the central regions of 
these stars have also approximately the same tem- 
peratures as the centre of the sun, whence it follows 
that their physical conditions are all substantially the 
same Thus the atoms m the central regions of all 
these stars must be broken down to the same extent as 
the atoms in the central regions of the sun The Z-rings 
of electrons survive intact, but the outer rings are 
transformed into a hail of electrons flying about like 
independent molecules 

With sufficient accuracy for our present purpose, aU 
the stars on the mam-sequence, except perhaps those 
at its extreme lower end, may be supposed to be in 
the same physical condition On account of this 
property, the main-sequence forms an admirable base- 
line from which to carry out a survey of the Russell 
diagram in respect of the physical conditions of stellar 
interiors 

Fig 22 shews that a star to the right of the mam- 
sequence has a greater diameter than a main-sequence 
star of the same weight Consequently the energy 

19-2 
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it would emit in shrinking to its present diameter 
IS less, and hence its molecular energy of motion 
IS less (by Poincare’s theorem). It follows that its 
internal temperatures are lower, and its atoms are 
less completely broken up Red giants such as Antares 
are found only to have central temperatures of from 
one to five million degrees, and their atoms probably 
retain intact not only their jS^-rings of electrons, but 
also their L-rings and part at least of their Af -rings 

To the left of the mam-sequence we come to a 
region in which stars, if they occurred at all, would 
have shrunk further, and so would have higher tem- 
peratures and more thoroughly broken atoms Actually 
no stars are encountered until we come to the white 
dwarfs. Calculation shews that the central tempera- 
tures of these must be many hundreds of millions of 
degrees at least, and that their atoms must be stripped 
of electrons right down to the nuclei. Except for a 
small number of atoms which may have escaped this 
general fate, the stellar matter must consist of nuclei 
stripped absolutely bare, and of free electrons, all 
flying independently through the star. The high den- 
sities of these stars provide a convincing proof of the 
accuracy of this result. The mean density of Sinus B 
is certainly over 50,000, while that of van Maanen’s 
star IS probably over 300,000. There is no way in 
which matter can be packed as closely as this, except 
that of stripping the atoms of electrons right down to 
then bare nuclei 

The clearest general impression we can form of the 
Russell diagram m terms of physical condition is 
probably obtained as follows 

We think first of two detached bands of stars, one, 
the white dwarf group, formed by stars in which all 
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the electrons are torn otC the atoms, and the other, 
the mam-sequence, formed of stars in which the atoms 
are still surrounded by their J^-nngs of electrons, 
while the exterior rings have been torn off. Starting 
from about the middle of the mam-sequence is the 
spur branch leading up to the red giants, as shewn m 
fig 22. As we pass along this, the internal temperatures 
of the stars decrease, so that the stellar atoms are less 
broken up than m mam-sequciice stars. In the red 
giants at the extreme end, even M-ring electrons may 
still remain 


RUSSELL’S HYPOTHESIS 

Two entirely different explanations of this distribution 
of stars have been suggested. In 1925 Russell put 
forward a theory which centred primarily around the 
fact that the temperatures at the centres of the 
main-sequence stars are all very neaily equal Let 
us simplify the situation for a moment by imagining 
It to be an ascertained fact that the temperatures 
at the centres of all stars are precisely the same, 
say 32,000,000 degrees. If this were a sure fact, 
it would be natural to conjecture that the stars had 
some sort of controlling mechanism by which they 
continually adjusted their central temperatures to this 
exact figure, so that if ever the temperature fell below 
32,000,000 degrees the mechamsm would come into 
play and raise the temperature to precisely this amount, 
while if it increased to above this figure, the mechanism 
would come into play and depress it Such controlling 
mechanisms are of course common in engineermg 
practice, there are for instance the safety-valves which 
keep the pressure in a boiler always uniform, the 
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Watts-governor which keeps an engine going always 
at the same rate of speed, and the thermostat which 
keeps the temperature of a room constant. 

A mechanism is already known for raising the tem- 
perature at a star’s centre If a star is not generating 
any energy at all m its interior, cither by the annihila- 
tion of matter or otherwise, its emission of radiation 
causes it to shrink, and this, as we have seen (p 285), 
causes its temperature to rise Thus it is easy to keep 
a star’s central temperature up to 32,000,000 degrees 
by arranging that no energy shall be generated so long 
as the temperature at the centre is below 82,000,000 
degrees, and this is the main hypothesis on which 
Russell’s theory is based He supposes that no energy 
at all IS generated by matter at temperatures below 
82,000,000 degrees, but that, as soon as this tempera- 
ture is reached, matter begins to annihilate itself 
in sufficient quantity to provide for the radiation of 
a star. 

The trouble with the theory is that it seems im- 
possible to regulate the temperature from the other 
end A star whose central temperature is below 
82,000,000 degrees must be contracting without gene- 
rating heat The contraction will not stop dead the 
moment the critical temperature is attained, its mo- 
mentum will carry it on until the central temperature 
substantially exceeds 82,000,000 degrees As soon as 
the temperature seriously exceeds 82,000,000 degrees 
at the centre, that of a substantial piece of the star 
will be 32,000,000 degrees or higher The annihila- 
tion of all this matter must produce a profusion of 
heat which would raise the temperature of the star 
still further, resulting m more and more annihilation 
of matter, until finally the whole star disappeared 
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in a flash of radiation. Indeed Russell’s theory sup- 
poses that matter at 32,000,000 degrees is in a similar 
condition to gunpowder at its flash point Mathematical 
analysis then shews that a star whose centre is at 
a temperature of 32,000,000 degrees would be m the 
state of a keg of gunpowder with a spark at its centre, 
and — well, “ohne hast, ohnc rast” hardly describes 
the subsequent course of events 

Eddington has suggested that the stability of the 
stars might be saved by imagming a time-lag between 
the instant at which matter attained the critical 


temperature necessary for annihilation and the instant 
at which this annihilation occurred It has not yet 
been proved that the proposed remedy could be made 
effective, but even if it could, other difficulties remain 
As the normal stai inhabits the main-sequence, Russell 
supposed it to be a property of normal matter to 
annihilate itself at a temperature of about 32,000,000 
degrees, the supposedly umform central temperature 
of all mam-sequence stars. It then became necessary 
to introduce further special assumptions to explamthe 
luminosity of white dwarfs and of stars on the red 
giant spur line, whose centres are at temperatures very 
different from 32 ,000,000 degi ces He accordingly sup- 
posed that such stars contained other types of matter 
which dissolved into radiation at ^ 

were respectively higher and lower than f 2 , 000,000 
degrees Even if the stability difficulty could be over 
come, this latter series of assumptions seems to me to 
be so artificial as to compel the abandonment of this 

cUfflculfe. o,Russe.l« led 
me to undertake a mathematical mvestigation ot the 
stability of stars in general, and this was foun 
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provide a simple and somewhat unexpected explana- 
tion of the otherwise incomprehensible distribution of 
stars in the Russell diagram, it is in brief that the 
unoccupied regions of the diagram represent stars in 
an unstable condition I do not know what proportion 
of astronomers accept this explanation, some, whose 
opinion I value, do not* I do not think that much so 
far written in this book would be seriously challenged 
by competent critics, but it is only fair to say that at 
this pomt we are entering controversial ground. 

THE HYPOTHESIS OF LIQUID STARS 

Let us begin by imaginmg an enormous number of 
stars built on aU possible plans, out of aU kinds of 
substances Mathematical investigation shews that 
some of these stars may be unable to shine with a 
steady hght for either oi both of two reasons — ^they 
may explode, like a heated keg of gunpowder, or they 
may have an inherent tendency to contract or expand 
without hmit Whether a star escapes the first pitfaU 
or not depends mamly upon the properties of the 
substance of which it is built, whether it escapes the 
second depends mamly upon the way it is built The 
two pitfalls are not altogether distinct, and when we 
consider the stability of wholly gaseous stars of enor- 
mously great weight, we find that the pits on the two 
sides of the path merge into one, or at most only a 
narrow stnp of safe ground is left between them 
Nevertheless stars of enormously great weight are 
known to exist, and continue shining steadily. If then, 
these stars are whoUy gaseous, they must occupy the 
one safe spot of ground between the two pits, and this 
informs us both as to the way they are built and as 
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to the properties of the substance of which they are 

^^We find that such stars only escape both pitfalls if 
their substance possesses properties which ^PPear very 
improbable, and contiary to anything of whic 
have any experience or knowledge in physics, in 
brief, for such a star to remain stable, 
of its matter must proceed at a rate which depen s 
the temperature Such a pioperty seems in every way 
contrary to the physical principles explained in Chapter 
II, as It IS to all our expectations of atomic 
The annihilation of matter is a far more violent ch^ge, 
and involves quanta of far higher energy, than mere 
"rl-activc disintegration, and as the Ifter process is 
not affected by temperature changes, it h^dly seem 

possible that the process of ..1 

any rate until we reach temperatures of the order 
the 2,200,000,000,000 degrees tabulated on p 144 • 

We have, however, already found mdications that 
the stars are not purely gaseous, 
masses could not form close binary f f 

observed in the spectroscopic binaries (p 222) buen 
systems can only be formed out of a 
smulatcs the properties of a liquid 
of a gas, the mass need not be wholly q j 
there must be a considerable divergence from the 
state of a pure gas, at any rate in its central regions 
Additional evidence to the same effect will also emerge 

Umt the 

need not be m a completely gaseous state, the whole 
SuatL changes, even a shght departure from the 

. Tl,.. pronto .ftrtte. vhrd., 

to avoid confusion, -was not mentioned on p 
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gaseous state being found to impart a great deal of 
additional stability to the star. If a star of great weight 
IS purely gaseous in its structure, the region of stability 
between the two pitfalls is reduced to a narrow strip, 
and only by treading this can the star escape the al- 
ternative fates of exploding or collapsing But if the 
star has a liquid, or paitially liquid, centre, this strip of 
safe land is so wide that, consistently with stability, the 
stellar material may have exactly the property that 
we should d 'priori expect to find, namely, that its 
annihilation proceeds, like radio-active disintegration, 
at the same rate at all temperatures If the substance 
of the star has this property, the star can be in no 
danger of exploding, for a mass of uranium or radium 
does not explode whatever we do to it. And mathe- 
matical analysis shews that if the centre of the star 
IS either liquid, or partially so, there is no danger of 
collapse, the liquid centre provides so firm a basis for 
the star as to render a collapse impossible. 

These considerations suggest the two complemen- 
tary hypotheses 

1* That the annihilation of stellar matter proceeds 
spontaneously, not being affected by the temperature 
of the star. 

2. That the central regions of the stars are not m 
a purely gaseous state; their atoms, nuclei and elec- 
trons are so closely packed that they cannot move 
treely past one another, as m a gas, but rather jostle 
one another about like the molecules of a liquid. 

If we have been right (p 149) in attributing the 
observed highly penetrating radiation in the earth’s 
atmosphere to the annihilation of matter in distant 
astronoimcal bodies, then the first hypothesis is con- 
hrmed For the radiation could not retain its observed 
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high penetrating power if it had 

Jf great thickness of matter The P‘f 

tjJongh matter lengthens the ^ 

kinds of radmtion (the quanta get 

time), and so diminishes its penetrating power thus, 

wherever the highly penetrating ^oTruch of 

must have got out into empty space without ot 

a struggle, and this is the same thing as saW ^ha 
It must have originated m matter at a 
low temperature Thus the existence of the highly 
penetrating radiation proves that matter can 
nihilated in great quantities at quite low temperatures, 

thehfghtemperatLsof 

Is Rileirs Lory asserts, for -"fjf 

A simple calculation shews that there can be no 

appreciable is annihilated 

Iv'eryLittl if even a ten-thousandth part as m^y 
atoii as this were anndidated m 

would be too hot for human habitation ^ , 

eito this by saymg that the sun rs hot and 
the^ earth cool, so that annihilation goes on in the 
SL^lut not m the latter We ^^m 

that the atoms m the sun are of Shite 

thociP on earth. Solar atoms spontaneously annmua 
themselves, terrestrial atoms do not, or at eas o n 

ISTof rtypotheses. that ^cen«. 

regions of the stars are more like a liqui 

S,**: we have seen, a SfXlllhd 

Brst, but independent evidence m its favoim 

in the formation of ‘Sr only break 
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THE STABILITY OP STELLAR STRUCTURES 

the present, let us tentatively accept the hypo- 
thesis that the generation of stellar energy occurs 
spontaneously, like the disintegration of radio-active 
atoms The atoms which are responsible for the light 
and heat of the stars may be regarded as super-radio- 
active atoms which spontaneously annihilate them- 
^ u then substance into radiation 

We have already seen that, on this view of the 
mechamsm of generation of stellar energy, a star can 
only continue to shme steadily if its central regions 
are not in a purely gaseous condition A star built 
on foundations of highly compressible gas meets the 
same fate as a house budt on sand it collapses A 
purely gaseous star is a dynamically unstable struc- 
ture, and must contmually contract until the atoms in 
Its central regions are so closely packed that their 
state can no longer be regarded as gaseous. Then, and 
hen only, ^ the star exist permanently as a stable 
structure Thus the central regions of any actual 
per^nent star, the sun for mstance, must be m a 
st^e wkch for brevity we may describe as liqmd. 

Now let us imagine the sun to be expanded to ten 
diameter. Tins would dimmish its 
density to a thousandth part of its original value. The 
actual sun IS 40 per cent more dense than water, but 

dense as ordinary 
mospheric am. The atoms and electrons, having 

frorl?“ t^es f^her apart, would be so distant 
another that the new sun might be regarded 

sLS be dynami Jly un- 

stable and could not remain m its wholly gaseous state 
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Our imaginary expanded sun is of course no longer 
a main-sequence star in the Russell diagram I 
expanding the sun to ten times its present size we 
move It olf the mam-sequence into ^ 

vacant of stars-m fact, into the great gulf which lies 
between the red giants and the red dwarfs (see fig. 22 
p 278) Thus, it appears that even if we defibera y 
place a star in this region, it does not stay there bu 
immediately contracts until it gets on to the m 
sequence May not this explain why the region 

question is untenanted by stars’ . , „ tenth 

Next let us imagine the sun contracted to a tenth 
of Its present diameter, so that its atoms ^^d electaons 
move ten times nearer to one another Its mea 
density is thereby increased from 1 4 to 1400 times 
that of water, and its central density from about 14^ 
to 140 000 You may check me here by p g 
that If the sun is already m a liquid state it canno 

be compressed to any such ?^ld 

usually have its density increased ^ 

But we have already noticed that halving a stms 
diameter doubles its temperature 
same way reducing a star’s ^ 3 Js 

creases its temperature ten-fold, 0 

central temperature will be 

million degrees to 600 ^“tnL as 

latter temperature atoms hardly exist ^ ^ ^ 

such-the stellar matter consists almost entimly of 
free electrons and nuclei. And these are s , 

that the increase of the sun’s mean densfiy from ^1^4 
to 1400 times the density of water is no ^ 

but leaves the sun’s substance m a state w^c y 
lit be described as gaseous Once agam then the 
Lw sun IS dynamically unstable It would be re 
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presented by a point well to the left of the main- 
sequence, near the middle of the unoccupied region 
between the mam-sequence and the white dwarfs, but 
as it IS unstable it cannot maintain its position here. 
Again we see that even if we place a star in this region 
it cannot stay there And, again — ^may it not be tliat 
the reason why this region is unoccupied is that it 
represents unstable stars^ 

Once more you may check me If I have made my 
point, it has been by the help of the rise of temperature 
which accompames contiaction. When wc imagmcd 
the sun to expand, ought we not to have considered 
the fall of temperature which accompanies expansion? 
The answer is that we ought, but it would have made 
no difference. Lowermg the temperature will cause a 
number of L-rings, and possibly also of M-rings, of 
electrons to re-form, so that the new atoms will be 
of larger size, but they will not lose their freedom of 
motion sufl&ciently to make the sun stable. It would 
have been different if we had been discussing a star 
of 10 or 50 times the sun’s weight, then it can be 
shewn that the re-formation of K- and L-rings would 
have produced a series of stable configurations And 
the spur branch in the Russell diagram exists to 
provide a home for just such stars 

The whole problem is too complicated to be dis- 
cussed satisfactorily in this fragmentary way ; its 
proper discussion involves very complicated mathe- 
matical analysis Mathematical discussion shews that 
the Russell diagram can be divided into regions repre- 
sentmg stable and unstable configurations m the manner 
shewn m fig 24 

The unstable areas are so marked; the remaming 
areas are stable The dots which form a sort of back- 



ground to the diagram represent 2100 sters whose 
^solute magnitudes are known through their paral- 
laxes having been determined spectroscopically at 



Mount Wilson The observational mateml is iiot p^- 
fect, for considerable ^.type 

spectroscopic parallaxes of ise it is practically 

sLs are almost unrepresented 

impossible to obtain their parallaxes by P 
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scopic method The theoretical curves are probably 
still moie imperfect, yet, such as they are, they seem 
to suggest very forcibly that the occupied and un- 
occupied regions coincide with those representing stable 
and unstable configurations, after making all possible 
allowances for the imperfections both of theory and 
of observation, too much agreement remains to be 
explained away as mere coincidence. 

Thus the conclusion to which mathematical dis- 
cussion seems to lead is that the regions in the Kussell 
diagram which are occupied, represent stars whose 
central regions are m a liquid, or nearly liquid, state 
All other stars are unstable, so that the corresponding 
regions in the Russell diagram are necessarily vacant 
To put it in less techmcal language, all the stars in the 
sky must have liquid, or nearly liquid, centres. 

Here we have a piece of the puzzle which seems to 
fit on to the piece we unearthed in Chapter iv, where 
we found that a star could only break up by fission 
if it had a hquid, or nearly liquid centre Evidence 
accumulates that the stars have hquid rather than 
gaseous centres 

Criticism of the foregoing hypothesis — generally 
described as the “hquid-star” hypothesis— has mainly 
taken the form that the diameters of the iT-rings of 
atoms are so small that the jfiT-rmg atoms m the sun’s 
central regions cannot possibly be packed closely 
enough to involve any substantial departure from the 
gaseous state. It is difficult to discuss, and still more 
to meet, this criticism without knowing the precise 
diameters of these JJ^-ring atoms We of course know 
the diameters assigned to the jK^-nng by Bohr’s theory 
(p 129), but no one any longer contends that this 
theory gives a true picture of the atom. It provides 
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a good working model within limits, but we do not 
know where the limits end The only practical ex- 
perience we have of Z^-nng atoms is with helium 
atoms, Bohr’s theory assigns to these a diameter of 
0 54 X 10 cms Yet solid and hquid hehum provide 
a practical illustration of the closeness with which 
helium atoms can be packed, in these each atom 
occupies a sphere of diameter 4 x 10“® cms , or over 
400 times the space allotted to it by Bohr’s theory 
It looks as though we are still far from definite know- 
ledge of the dimensions of -K^-rings of electrons. 

The new wave-mechanics of Schrodinger draws a 
very different picture of atomic interiors from the 
simpler theory of Bohr which it is rapidly superseding 
Even the electron is something very different from 
the electron of Bohr’s old theory It is the old- 
fashioncd electron only when it is at an infimte dis- 
tance from the nucleus As it gradually approaches 
this nucleus, it undergoes a metamorphosis of a kind 
which no one has yet succeeded in describing, and it 
IS utterly impossible to say what form it may have 
assumed by the time it is doing what we call “de- 
scribing a jff-nng orbit ” All we know about the 
jK-ring orbit is its energy, and it seems impossible to 
predict the amount of space occupied by such an orbit 
until wc have a better knowledge of the qualities of 
the article which is dcscnbmg it 

We have of course to admit that the physical evi- 
dence, such as it is, seems to point to K-rmg atoms 
being substantially smaller than is needed for the 
liquid-star hypothesis. But the astronomical evidence 
seems to me stronger and more rchable, and to pomt 
in exactly the opposite direction. And here we must 
leave the puzzle until fuither pieces come to light 
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Until we know the kind of atoms of which a par- 
ticular star IS composed, we cannot calculate the 
extent to which they will be broken up by the tem- 
perature of the star’s interior As a consequence, the 
theoretical curves of demarcation between stable and 
unstable configurations cannot be calculated without 
assuming definite atomic numbers for the stellar atoms 

The curves shewn in fig 24 have been drawn for an 
atomic number of about 95, this being slightly higher 
than the atomic number, 92, of uranium This atomic 
number was selected because it was found to produce 
the best agreement between theory and observation, 
but we shall see that other considerations justify our 
choice 


STELLAR STRUCTURE 

A star, hke a house or a pile of sand, is a structure 
which would collapse under its own weight were it 
not that each layer is held up against gravity by the 
pressure which the next inner layer of the star exerts 
upon it This pressure is not, hke ordinary gas- 
pressure, the result of the impacts of complete mole- 
cules It IS produced in part by the impact of a 
certam number of atoms which have been stripped of 
electrons almost or quite down to their nuclei, but to 
a far greater extent by the impact of a hail of free 
electrons In massive stars, an additional pressure is 
produced by the impact of radiation which, as we have 
seen, carries weight about with it, and so exerts pres- 
sure on any obstacle it encounters The combined 
impacts of free electrons, of atoms (or bare nuclei), and 
of radiation prevent the star fiom falling m under 
its own gravitational attraction 
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This gives a reasonably good snapshot picture of 
a star’s structure. The corresponding picture of its 
mechanism is obtained by thinking of the nuclei as 
a-ray particles, of the fiee electrons as ^-ray particles, 
and of the radiation as y-rays (although in most stars 
the main bulk of the radiation has the wave-length of 
X-rays). All these thread their way through the star, 
and, precisely as in laboratory work, the ^-rays are 
more penetrating than the a-rays, and the y-rays are 
more penetrating than either 

THE TRANSPORT OF ENERGY IN A STAR We 

have seen how the heat of a gas is merely the energy 
of its molecular motion Conduction of heat in a gas 
is usually studied by regarding each molecule as a 
carrier of energy, when it collides with a second 
molecule the energy of the two colliding molecules is 
redistributed between them, and m this way heat is^ 
transported from hotter to cooler regions. Each* 
molccmlc has a power of transport which is jomtly 
proportional to its energy of motion, its speed of 
motion, and its “free-path” — ^the distance it travels 


between successive collisions 

In the interior of a star, there are three distinct 
types of carrier in action — atoms (or bare nuclei), free 
electrons, and radiation. We can compare their re- 
lative capacities as earners by multiplying up the 
energy, speeds and free-paths of each For this pm- 
pose the “free-path” of radiation may be taken to be 
the distance the radiation travels before 37 per cent 
of It has been absorbed, since it can be shewn th&t 
this IS the average distance it carries its energy n 
carrying out the calculation, the carrying capacity ot 
both nuclei and electrons is found to be insignificant 
m comparison with that of the radiation The nuclei 

20-2 



308 The Universe Around Us 

and electrons may have the greater amount of energy 
to carry, but owmg to them feebler penetrating powers, 
the distance over which they carry it, their free-path, 
IS far less than that of the radiation Their speed of 
transport is also less, since radiation transports its 
energy with the velocity of light In this way it 
comes about that practically the whole transport of 
energy from the interior of a star to its surface is by 
the vehicle of radiation 

This general principle was first clearly stated by 
Sampson m 1894 He also shewed how the temperature 
of any small fragment of a star’s interior must be 
determmed by the condition that it receives just as 
much radiation as it eimts, but his detailed applica- 
tions were vitiated through his using an erroneous 
law of radiation Twelve years later, Sehwarzschild 
independently advanced the same idea, and expressed 
•it m mathematical equations of “radiative equilib- 
rium” which have formed the basis of every sub- 
sequent discussion of the problem 

Just because radiation completely outstrips atoms 
and electrons in carrying energy from a star’s interior 
to its surface, it follows that the build of a star 
must be determined by the opacity of the matter in 
its interior If this is altered, the carrying power of 
the radiation is altered, and this affects the whole 
structure of the star. A star whose interior was en- 
tirely transparent could not retam any heat at all; its 
whole mterior would be at a very low temperature 
and the star would be of enormous extent On the 
other hand, in a very opaque star, all energy would 
remam accumulated at the spot at which it was 
generated, so that the mtenor temperature would 
become very high and the star’s diameter would be 
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correspondingly small It is, of course, the inter- 
mediate cases which are of practical interest, but 
the extreme instances ]ust mentioned shew how a 
star’s build depends on its opacity 

Unfortunately it is impossible to obtain any sort of 
direct measurement of the opacity of stellar matter 
We cannot even measure the opacity of terrestrial 
matter under stellar conditions, since the interiors of 
the stars are at incomparably higher temperatures than 
any available in the laboratory However, weknowthat 
the opacity of stellar matter is due to the atoms, nuclei 
and free electrons of which it is composed checking the 
onward journey of radiation, and although we cannot 
obtain a sample of stellar matter, we know fairly 
definitely how many atoms, nuclei and electrons such 
a sample would contain Thus it becomes a matter of 
theoretical calculation to determine its opacity 
Such a calculation was carried through by 
Kramers of Copenhagen in 1923, and his results gained 
general acceptance Quite recently Mr Gaunt of Cam- 
bridge has made a much more refined calculation, and 
obtained results which agree very closely with those 
originally given by Kramers In so far as these results 
can be tested in the laboratory, they agree well with 
observation And, although there is a big gap between 
laboratory conditions and stellar conditions, it is 
cult to see how Kramers’ formula could fail in the stars. 

From this formula we can determine the bmld of the 
stars completely, or, xf the bmld of the star is supposed 
to be known, Kramers’ formula tells us the rate 
at which energy flows to its surface (*1“® 
entirely on the opacity of the ® ’ L 

this in turn tells us at what "^te "n^gy must ^ 
generated inside the star for it to be able to re 
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in equilibrium in the configuration in question As 
might be expected, configurations of different dia- 
meters are found to require different rates of gene- 
ration of energy In nature, a star must adjust its 
diameter to suit the rate at which it is generating 
energy, in so doing it fixes not only its diameter but 
also its surface-temperature, colour and spectral type. 
If a star’s rate of generation of energy were suddenly 
to change, the star would expand or contract until it 
had assumed the radius and temperature suited to its 
new rate of generation of energy 

Detailed calculation shews that, for wholly gaseous 
stars, large diameters correspond to feeble generation 
of energy and mce versa Thus, if the stars were wholly 
gaseous, red giants would be less luminous than mam- 
sequence stars of the same weight Scares’ diagram, 
reproduced on p 282, shews that the reverse is actually 
thecase,aiedgiantemittingfromlOto 20 times as much 
total radiation as an equally massive main-sequence 
star This provides evidence against the stars being 
wholly gaseous, but there is stronger evidence than 
this For wholly gaseous stars, the thick lines shewn 
in Scares’ diagram would be straight slant lines, 
slanting upwards to the left The wide divergence 
between such a system of slant lines and the curves 
shewn in fig 23 gives some indication of the extent to 
which the condition of stellar matter diverges from 
the purely gaseous state 

According to Kramers’ theory, the opacity of 
matter depends on the atomic numbers and atomic 
weights of the atoms of which it is built, a large clot 
of matter in the form of a massive atomic nucleus 
being far more effective in absorbing radiation than 
a large number of small clots of the same total 
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weight Everyday terrestrial experience shews that 
This IS so It IS for this reason that the physicist and 
suraeon both select lead as the material with which 
to screen their X-ray apparatus, they find that a ton 
of lead IS far more effective in stopping unwanted 
X-rays than a ton of wood or of iron If we knew the 
Srenath of an X-ray apparatus, and the total weight 
of sMing material round it, we couM f rm " very 

material by measuring the amount of X-radiation 

which escaped through it apt^ne 

A verv similar method may be used to deterrnine 

the atomic weights of the atoms of which the stars 
are corposeri star is in effect nothing but a huge 
X-ray apparatus We know the weights of “any o^ 
the stars and the rate at which they are generating 

X rays is merely the rate at which they are radiating 
X-rays ““ J cut each atomic 

sLTJsr 

opacity of the star, so that radiation would travel 
ZefL L through the star before being absorbed 
If the star were wholly gaseous, this ^ 

.ts expanding to four times its 

.n surfaee-temper^ur^^^^^^^^^ 

and ot ste, which I 

The atomic weights of a _ ^a^whoUy 

calculated on thc supposition^^^^ 

gaseous, came out in P weightiest atom 

Imown on earth Th y t y P ^ ^ 
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be that the stars are not wholly gaseous As soon as 
stellar interiors are supposed to be partially hquid, 
the calculated atomic weights are reduced enormously 
They can no longer be determined exactly, but the 
atomic number of about 95 to which we were led 
from a consideration of the Russell diagram seems to 
be entirely consistent with all the known facts 
Indeed other considerations seem to suggest that 
the atomic numbers of stellar atoms must be higher 
than 92 A priori stellar radiation might either 
originate in types of matter known to us on earth or 
else m other and unknown types When once it is 
accepted that high temperature and density can do 
nothing to accelerate the generation of radiation by 
ordinary matter, it becomes clear that stellar radiation 
cannot origmate in types of matter known to us on 
earth Other types of matter must exist, and as, with 
two exceptions, all atomic numbers up to 92 (uranium) 
are already occupied by terrestrial elements, it seems 
probable that these other tjrpes must be elements of 
higher atomic weight than uranium 
These super-heavy atoms must not be expected to 
disclose their presence m stellar spectra, for these 
only inform us as to the constitution of the atmo- 
spheres of the stars And as the hghter atoms float to 
the top it IS these, m the mam, which figure m stellar 
spectra If the sun’s atmosphere had contained any 
considerable number of super-heavy atoms when the 
planets were bom, some of them ought stiU to exist 
m the earth There cannot be any great number, or 
their high generation of energy would betray them 
The simplest view seems to be that the heavier atoms 
sink to the centre in the stars, and that the earth was 
formed mainly or solely out of the hghter atoms which 
had floated to the sun’s surface. 
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STELLAR EVOLUTION 

We have supposed that the stars were born initially 
as condensations in the outer fringes of spiral nebulae 
These condensations would, from the mode of their 
formation, necessarily be of all sorts of sizes, and subject 
only to the single restriction that none of them could 
be below a certain limit of weight Thus we should 
not expect the stars, either at birth or subsequent y, 
to be all of the same size or weight, or all m the 
same physical condition. The stars would start t eir 
existences at different points in the Russell diagram, 
but we may imagine that their initial positions are 
limited to those parts of the diagram which can be 
occupied by stars-either, as the hquid-sta-r hypo- 
thesis would suggest, because these are the only stable 
conBgurations, or else for some other reason sofarun i - 
covered Each year a star loses a certain amount 
weight, and its rate of generating energy, 

Its luminosity, are correspondingly reduced wit^he 
result that it moves to a new position ^he diagmm. 
Turning to Scares’ diagram of stehar -weights on p 282 
we may think of the curves of ® 

of steps — ^very uneven steps, it is true P 

scutmg a low« weigM than the 
a sta/s evolution may be, it i« 

always be doien the steps any upw^d “ “”P° ^ 

We can trace out two possible 
evolution m the RusseU 

entrv into regions unoccupied y „-u no thev 

along which the stellar army first is 

transform then substance eat number 

of course the ^ma^ toe of inarch 

ft ““ 
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red giants in the Russell diagram represents a second 
possible hne of march, a certain number of stars 
travelling along this branch until they reach the 
main-sequence as blue or white stars, and then travel- 
ling down the lower half of the main-sequencc to end 
as faint red stars passing on to ultimate extinction 

Progress along each of these roads is accompanied 
by a continuous shrinkage in the size of the star, its 
diameter steadily decreasing This is not the same 
thing as saying that the star’s density continually 
increases, for the star is continually diminishing m 
weight, so that even if the star’s density remained 
the same, its diameter would decrease Nevertheless 
a study of Scares’ determinations of mean densities, 
as shewn in the diagram on p 282, suggests that 
there is a continuous increase of density, although 
this becomes very slight m the middle reaches of 
the main-sequence 

Practically every theory of stellar evolution which 
has ever been propounded has imagined the march of 
the stellar army to be of the same general type as 
that just described, although perhaps present-day 
opinion IS inclined to treat the main-sequence as the 
principal line of march, whereas earlier theories sup- 
posed the youngest stars to march solely along the 
red-giant branch, only joining the main-sequence with 
middle age The first serious theory of all, that of 
Lockyer, was expressed in terms of branches of as- 
cending and descending temperature, these together 
forming the last-mentioned Ime of march in the Russell 
diagram A theory which Russell propounded in 1913 
again assigned to the stars the lines of march just 
described. It also attempted a physical explanation, 
since abandoned, as to why the stars followed these 
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paitioulai paths rather than others. His more recent 
theory of 1925 only differed from his earlier theory in 
giving the new explanation, which we have already 
discussed (p. 293), as to why the stars followed these 
particular paths. 

At present, it is probably fair to say that nearly, 
and perhaps quite, all astronomers are agreed that 
the evolutionary paths of the stars are of the general 
type wc have described Some stars start as red giants, 
some as blue, some possibly in intermediate conditions 
As they age, all move downwards m the HusseU dia- 
gram, their various paths converging to a point at 
the fork of the reversed y shewn m fig 22, and after 
passmg this point they move down the mam-sequence 
On the other hand, there is the widest difference of 
opinion as to the physical interpretation which is to 
be essignod to these paths Most astionomets Me 
probably suspending ]udgment until some definite 
ibservational^evidence is obtained to decide between 

earns tnto bemg M flseb o, 
fierv snrav thrown off by spinning nebulae, they 

8eb^s'’alt<io5tlt ones into radiation, md oto tog 
such long hj '“^*XiTs 5 number of radio- 

of this latter type Uyes than the 

atoms must have ! '^.^self-annihilation 

average stellar ^ 151 ^: 0 . Xheper- 

wouia make the oar ahnost nothing to its 

mauentatomsmas^ co ^ ^ 

energy-generating capacity, 
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weight The shortest lived atoms of all contribute 
greatly to the star’s generation of energy while adding 
but little to its weight. In general the shorter the 
life of any type of atom, the greater the proportion of 
its numbers anmhilated per year, and so the greater 
the amount of energy it generates per ton of weight. 

A star begins life with a large pioportion of short- 
lived atoms, and so at first generates energy furiously 
As it ages, the shortest lived atoms disappear first, and in 
so doingreduce the average energy-generation of the star 
per ton so that, as a star’s weight decreases, so also 
must its rate of generation of energy per ton Finally 
all the atoms with much energy-generating capacity 
have disappeared, and the star is left, a shrunken and 
diminished mass of atoms which have very little capacity 
for generating radiation 


To put the same thing in another way, the rate at 
which a star generates energy per ton is proportional 
to the death-rate in its population of atoms To say 
that Sinus generates 16 times as much energy per 
ton as the sun is only another way of saying that the 
average atom in Sinus has only a sixteenth of the 
expectation of life of the solar atoms, their death-rate 
IS 16 times as high As those types of atoms which have 
the highest death-rate gradually die off in any star, the 
average death-rate of the population decreases, or, in 
other words, as a star ages its capacity for energy- 
generation per ton decreases 
This agrees with the findmgs of observational 
astronomy The most massive stars not only generate 
more energy than less massive stars, as is in any case 
to be expected, they also generate enormously more 
energy per ton This is illustrated by the following list 
of mam-sequence stars- 
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Pearce’s Stai A 
V Puppis A 
Sinus A 
Sun 

€ Endani 
Kruger 60 B 


Weight 

(in terms of sun) 

36 3 
19 2 
2 45 
1 00 
(0 45) 

0 20 


Generation of energy 
(ergs per gramme) 

15,000 
1,000 
29 
190 
0 26 
0 021 


Scares’ diagram of stellar weights (p 282) shews 
that this IS a general property of the stars To repea 
our former metaphor, the stars squander their sub- 
stance lavishly in their youth, while they have plenty 
left to spend, hut parsimony comes over them witn 
old age. Theoretical considerations have now given us 
an explanation of this phenomenon 

The same diagram shews that two stars of 
same weight do not usually have the same 
In general, giant stars on the spur branch leadmg out 
to the red giants have substantially hig 
than the mam-sequence stars of equal weig . 
^r^ticed how a red giaat may emit as much as 

10 or 20 times the radiation of an equallinnassivema 

anything up to 500 times mor following 

three stars of the prece ding ta — 

— r ——————— r rvf 1 


Weight 

(in terms of sun) 


Sinus B 
Bridani B 
•van Maanen’s star 


Generation of energy 
(ergs per gramme) 

0 002T 
0002 
(0 00055) 
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We have hitherto supposed generation of energy 
to be spontaneous and so unaffected by changes of 
physical conditions Yet the facts just mentioned seem 
to suggest that this can hardly be the whole truth of 
the matter. To state the objection in terms of a con- 
crete instance. Sinus A and its white dwarf companion 
Sinus B must in all probability have been born at the 
same time out of the same nebula (p 284), yet the 
former generates 4000 times as much energy per ton 
as the latter. It seems improbable that so great a 
difference can be attributed to different types of 
atoms, the common origin of the two stars almost 
precludes this We know that the atoms are in different 
physical conditions m the two stars, in Sinus A they 
have retained their Z-rmgs intact, while m Sinus 
the white dwarf, they are completely broken up into 
bare nuclei and free electrons If the two components 
of Sinus consist of essentially the same types of atoms, 
as their common origin would lead us to expect, then 
the enormous difference in the rates at which these 
atoms generate energy would seem to depend on the 
different physical conditions of their atoms 

The considerations brought forward in Chapter in 
make it highly probable that a star’s rate of genera- 
tion of energy depends on the physical condition of 
its atoms We there supposed stellar energy to be 
generated through electrons coalescing with protons, 
protons exist only in atomic nuclei, and purely physical 
considerations led to the conjecture that the only 
electrons which can coalesce with a particular proton 
are those which are momentarily describing orbits 
around the nucleus in which the proton resides A 
study of stellar structure supports this hypothesis, for 
if energy could be generated by free electrons falling 
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into nuclei, it can be shewn that the whole star would 
be unstable and would explode in a flash of radia- 
tion. On this hypothesis, a star in which only a tew 
atoms have any electrons left in orbital motion can 
of course generate but little energy This at once 
explains the feeble energy-generating powers of the 
white dwarfs, and also gives an inkling as to why the 
red giants, m which L- and M-rings of electrons sur- 
vive, generate more energy than main-sequence stars 


of equal weights. - 

As a star ages and its weight decreases, it continually 
has to pick out new configurations such as make its 
emission of energy equal to its internal rate of genera 
tion of energy The same star may be a red giant, a 
main-scquence star and a white dwarf m turn Stripped 
of technicalities this means that a star continually 
adjusts Its diameter to suit its varying rate of genera- 
tion of energy. , 

On the hypothesis just considered, a star alters 

both Its emission and its generation of energy on 
changing its diameter At every instant it has to select 
a diameter for which the two exactly balance The 
star has so large a range of rates of generation, accord- 
ing as It has few or many electrons left in orbital 

motion, that it is likely always to ^ 

configuration of equilibrium At any rate all the stars 
in the sky appear to have done so, with the exception 
of the long period variables which are continually 
expanding and contracting as though they could no 
hit upon a diameter at which their income and ex- 
penditure of energy would just balance 
^ This same hypothesis immediately makes it possib 
for all the great variety of stars m the galactic system 
to be of approximately the same age, and so o 
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been all bom out of the same nebula The most 
lummous galactic stars can hardly have been gene- 
rating energy at their present rate for more than 
about 100,000 milhon years — any longer age would 
require an impossibly high weight to start with. Yet 
the motions of the stars mdicate that even these 
highly luminous stars must have been in existence 
for at least 50 times this period The apparent con- 
tradiction disappears if we admit that the extreme 
lummosity of the very brightest stars may be a recent 
development, and that for perhaps 98 per cent of its 
life such a star was losmg but little energy because 
most of its atoms were stripped bare of electrons and 
so were immune from annihilation The requisite 
proportion of 98 per cent may seem suspiciously 
large, but we have stated an extreme case, we need 
only demand so large a proportion in the case of a 
very rare t57pe of star probably not more than one 
star m ten imlhon is of such a type 
In their earher dormant state, these stars, which 
are now so lummous, would in effect have been white 
dwarfs of enormous weight Observational astronomy 
provides no evidence that any such stars exist, but 
there is certainly no evidence that they do not exist 
Very massive stars are known to be very rare objects, 
so that m all probabihty we should have to travel a 
long distance from the sun before finding one, and 
then it might be so distant as to be invisible from the 
earth In any case, a very distant star of feeble lumm- 
osity would be exceedmgly hkely to escape detection. 
We could not infer that no such stars existed from the 
fact of none havmg yet been found 
Moreover, it is far from absolutely certam that such 
stars have not been found Very massive white dwarfs 
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ought to have higher surface-temperatures than either 
massive mam-sequence stars or than the known white 
dwarfs, all of which are of small weight A whole group 
of stars IS known-the 0-type stars-who^ spectra 
indicate very high temperatures indeed these are 
usually interpreted as stars of enormous luminosity 
at enormous distances, but it is possible tha some 
at least of them may be stars of feeble luminosity at 
moderate distances In particular the central stars of 
the planetary nehnlae are ot types 0 B But 
whereas the normal main-sequence star ot these 
spectral types is generally about a thousan imes as 
luminous as the sun, the central stars of the p ^ 
nebulae are found to be considerably less luminous 
than the sun Dr Gerasimovic has recently th 

52 of these stars have an average luminosity only about 
two-thirds of that of the sun Other^^Xe^eT 
found even lower lummosities As the 

peratures of these stars must be of the ^ simnle 
decrees they must be minute in size, indeed a siinp 
SkulaU shews that they can hardly have more than 

they »e ol great "cght 
evidence shews that in many cases 
nebulae are m rotation, and, ]ust as f 

their weights can be calculate average 
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All this goes to suggest that the central stars of the 
planetary nebulae must, in all probability, be regarded 
as “white dwarfs” of enormous weight It seems 
possible that they are exactly the type of star needed 
by our theory The 52 planetary nebulae already 
mentioned have the same average distance from the 
sun, and the same distribution with respect to the 
galaxy, as the 0-type stars, so that it is possible that 
0-type stars and planetary nebulae are forms assumed 
either successively or alternatively m the course of 
evolution of similar bodies It should be mentioned 
that the planetary nebulae exhibit spectral dis- 
placements which, if interpreted in the ordinary way, 
would mdicate that they are moving with very high 
speeds, in some cases reaching hundreds of miles a 
second Such speeds would be entirely inappropriate 
to stars of large weight Yet this objection rather 
defeats itself, for if the spectral shifts really arose fiom 
high speeds of motion, the highest of the observed 
speeds would suffice to carry the planetary nebulae 
possessing them clear of the galactic system altogether; 
they would be random travellers through our system 
of stars, whereas their orderly arrangement and con- 
centration near the galactic plane suggests very forcibly 
that they are permanent members of it Thus the 
observed large shifts of the spectral lines can hardly 
indicate large speeds m space, some other interpre- 
tation must be found. Professor Perrine considers that 
they arise in the main from internal motions, con- 
traction, expansion and rotation of the nebulae If so, 
the motions in space cannot be deteimmed, but at 
least they no longer present any difficulty If these 
stars are, as our hypothesis requires, white dwarfs of 
very great weight and small radius, their spectra ought 
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to exhibit a relativity displacement to the red of the 
saiiH' type as that actually observed m Sirius B It is 
possible that this may be found to present a more 
serious dilliculty, although it is also possible that it 
again may piove to be merged in the large observed 
disjilaeemciits. 

Ill view of all this, it seems qmte possible that both 
the planetary nebulae, and also other 0- or B-type stars 
of fecdile luminosity, may be very massive stars in the 
dormant condition contemplated by the hypothesis we 
have just been discussing In brief, we imagme that a 
massive star may have its weight conserved through 
existing as a planetary nebula or a dwarf 0-type star 
for millions of millions of years, and then burst out 
as a highly luminous star with all the appearance of 
extreme youth But there is at present insufficient 
observational evidence either for or agamst such a 
hypothesis Some pieces of the puzzle are missing, 
and we can only wait until they turn up. 

WHITE DWARFS. Apart from these hypothetical 
massive white dwarfs, astronomers generally regard 
ordinary white dwarfs as the final stage m stellar 
evolution. There is general agreement that they are 
stars with central temperatures so high that then 
atoms are stripped bare of electrons, but there is no 
general consensus of opinion as to why stars shrmk o 


this condition • j „ 

On the liquid star hypothesis, the unoccupied re- 
gions in the Russell diagram represent unstable con- 
figurations Usually a slight loss of weight by a stM 
merely moves it to a new position m the <iiagmm 
contiguous to the old one Sometimes, ^owev^. thi^ 
slight move may happen to carry „ 

unstable region of the diagram, m which case it will 
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hurriedly traverse this region, until finally it ends up 
in some entirely different stable configuration. 

The liquid star hypothesis explains the white dwarf 
state quite simply as the final state to which a star 
shrinks cataclysmically when its generation of energy 
IS no longer sufficient to entitle it to a place in the 
mam-sequence In this state the star radiates so 
little energy that annihilation and decay are almost 
entirely checked. We have seen that if the sun went 
on radiating at its present rate for 15 million million 
years, its whole weight would be transformed into 
radiation By contrast, van Maanen’s star can, and 
probably will, go on radiating at its present rate for 
15 million million years without losmg more than 
about a thousandth part of its present weight We 
may think of the white dwarf state as a final state 
from which change and decay have so nearly dis- 
appeared that a star which shrinks to this state acquires 
a new lease of life for a period of thousands of millions 
of millions of years — ^we can only wonder to what 
purpose 
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Beginnings and Endings 

"VVc litivG seen 1x0 w ttie solid. sTilists-iico of tlie material 
ixnivcrse is continually dissolving away into intangilile 
radiation. The sun weighed 360,000 million tons more 
yesterday than to-day, the difference heing the weight 
of 24-houTs’ emission of radiation which is now travel- 
ling through space, and, so far as direct observation 
goes, IS destined to ]ourney on through space until the 

end of time The same transformation of material weight 

into radiation is m progress in aU the stars, and to a 
lesser degree on earth, where complex atoms such as 
uranium are continually changing mto the ^imger 
atoms of lead and helium, and setting radiation free 
in the process But against the sim;s 
of 360,000 million tons, the earth is only losing g 
from this cause at the rate of about nmety pounds a 

'^^Jyclic pbocesses It is natural to ash whether 
a study of the universe as a whole reveals these pro- 
Lsses as part only of a closed cycle, so that the wast^ 

wSw?sTe\npLgressinthes^ands^^^^^ 

earth is made good elsewhme cairyirs 

hanks of a river and --^ch ifr cmmnt e^r c^y^J 

water out to sea, we know ^-paiiiwlueb.replmish 
flowing after it has spent itself / 
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THERMODYNAMICS 

To this question, the wide scientific principle known 
as the second law of thermodynamics provides an 
answer in very general terms If we ask what is the 
underlying cause of all the varied animation we see 
around us in the world, the answer is in every case, 
energy — ^the chemical energy of the fuel which drives 
our ships, trains and cars, or of the food which keeps 
our bodies alive and is used in muscular effort, the 
mechanical energy of the earth’s motion which is 
responsible for the alternations of day and night, of 
summer and winter, of high tide and low tide, the heat 
energy of the sun which makes our crops grow and 
provides us with wind and ram. 

The first law of thermodynamics, which embodies 
the principle of ''conservation of energy,” teaches 
that energy is indestructible, it may change about 
from one form to another, but its total amount 
remains unaltered through all these changes, so that 
the total energy of the universe remains always the 
same As the energy which is the cause of all the life 
of the universe is indestructible, it might be thought 
that this life could go on for ever undimimshed in 
amount 

AVAILABILITY OP ENERGY The secoud law of 
thermodynamics rules out any such possibility. 
Energy is indestructible as regards its amount, but it 
continually changes m foim, and generally speaking 
there are upward and downward directions of change 
It is the usual story — ^the downward journey is easy, 
while the upward is either hard or impossible. As a 
consequence, more energy passes in one direction than 
in the other. For instance, both light and heat are 
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forms of energy, and a millmn f Xe 
be transformed J cool, black surface, 

utmost ease, ,^c^erse transformation 

and tbe thing is once assumed 

IS impossible, a miilion ergb the form of 

the tU of heat can “X^m^le of «.e 

a milhon ergs of light This is a spec n 

known, but they a j not affect the general 
special explanations, and do not affect tn g 
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light by burning coa , heat, and mdeed 
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o(rad.aUon of ““,X34h3otoracU.Ln 
the coal is primarily the s g ^ joal we get 
of stiU shorter wave-length “™aUy put 

some hght, but not M much as 

into the coal, we *o ^t ^^/o^gmally put in 

than the amount of h transaction is 

On balance, the net “'J been transformed 

that a certain amount of light has 

into a certain amount o ^ think of energy , 

All this shews that we ^ 

not only m terms of always the same, 

quahty Its total qua ^o^jynamics. But its 

?his is the first law of thermoay 
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quality changes, and tends to change always in the same 
direction Turnstiles are set up between the different 
qualities of energy , the passage is easy m one direction, 
impossible in the other. A human crowd may contrive 
to find a way round without jumping over turnstiles, 
but in nature there is no way round, this is the second 
law of thermodynamics Energy flows always in the 
same direction, as surely as water flows downhill 

Part of the downward path consists, as we have seen, ^ 

of the transition from radiation of short wave-length 
into radiation of longer wave-length In terms of 
quanta (p 126 ) the transition is from a few quanta of 
high energy to a large number of quanta of low energy, 
the total amount of energy of course remaining un- 
altered The downfall of the energy accordingly con- 
sists in the breaking of its quanta into smaller units 
And when once the fall and breakage have taken place, j 

it IS as impossible to reconstitute the original large 
quanta as it was to put Humpty-Dumpty back on his 
wall. 

Although this IS the main part of the downward path, 
it IS not the whole of it Thermodynamics teaches that 
aU the different forms of energy have different degrees 
of availabihty,” and that the downward path is 
always from higher to lower availability 

And now we may return to the question with which 
we started the present chapter What is it that keeps 
the varied life of the universe going Our original 
answer “energy’’ is seen to be incomplete. Energy is 
no doubt essential, but the really complete answer is 
that it IS the transformation of energy from a more 
available to a less available form, it is the running 
downhill of energy To argue that the total energy of 
the universe cannot dimmish, and therefore the uni- 
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verse must go onfor ever, ^^l^keargumg that as a ebclc- 
weight cannot dimmish, the clock-hand mus g 
and round for ever. 

the final end of the universe 
Energy cannot run donmMUor e™, “d. Ito tte 
clock-weight, it must touch ^ j. jater the 

the universe cannot go on for ever, s reached 

time must come 
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capacity for change, it is li ^ ^rirn a 
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terrestrial experience, tlmt disposes at once 
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events we see are as the po^i § water back 
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smi But the umverse as “ ooi action 

?”ti'::^deru.^wr whaler 
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further availability to lose would be dead already 
Change can occur only in the one direction, which 
leads to the heat-death With universes as with mor tals, 
the only possible life is progress to the grave 

Even the flow of the river to the sea, which we 
selected as an obvious instance of true cyclic motion, 
is seen to illustrate this, as soon as all the relevant 
factors are taken into account As the river pours 
seaward over its falls and cascades, the tumbling of 
its waters generates heat, which ultimately passes off 
into space in the form of heat radiation But the 
energy which keeps the river pouring along comes 
ultimately from the sun in the form mainly of light, 
shut off the sun’s radiation and the river will soon stop 
flowing The river flows only by continually trans- 
forming light-energy into heat-energy, and as soon as 
the cooling sun ceases to supply energy of sufficiently 
high availability the flow must cease 
The same general principles may be applied to the 
astronomical universe There is no question as to the 
way m which energy runs down here It is first 
liberated m the hot interior of a star in the form of 
quanta of extremely short wave-length and excessively 
high energy. As this radiant energy struggles out to 
the star’s surface, it continually adjusts itself, through 
repeated absorption and re-emission, to the tempera- 
ture of that part of the star through which it is passing 
As longer wave-lengths are associated with lower 
temperatures (p 140), the wave-length of the radiation 
IS continually lengthened, a few energetic quanta are 
being transformed into numerous feeble quanta. Once 
these are free in space, they travel onward unchanged 
until they meet dust particles, stray atoms, free 
electrons, or some other form of interstellar matter 
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gramme of matter liberates 9 x 10^® ergs of energy, so 
that the annihilation of 1 5 x 10“®^ grammes of matter 
liberates 1*85 x 10'^® ergs of energy It follows that 
the total annihilation of all the substance of the 
existing universe would only fill space with energy at 
the rate of 1 35 x 10“^® ergs per cubic centimetre. This 
amoimt of energy is only enough to raise the tempera- 
ture of space from absolute zero to a temperature far 
below that of liquid air, it would only raise the tem- 
perature of the earth’s surface by a 6000th part of 
a degree Centigrade The reason why the effect of 
annihilating a whole universe is so extraordmarily 
slight IS of course that space is so extraordinarily empty 
of matter , trymg to warm space by anmhilatmg all the 
matter m it is like trymg to warm a room by burning 
a speck of dust here and a speck of dust there As 
compared with any amount of radiation that is ever 
likely to be poured into it, the capacity of space is that 
of a bottomless pit Indeed, so far as scientific observa- 
tion goes, it IS entirely possible that the radiation of 
thousands of dead universes may even now be wan- 
dermg round space without our suspectmg it 
Such IS the final end of thmgs to which, so far as 
present-day science can see, the material universe must 
mevitably come m some far-off age, unless the course 
of nature is changed in the meantime Let us now try 
to peer back towards the beginnmgs of thmgs. 

THE BEGINNINGS OF THE UNIVERSE 

As we go forwards in time, material weight contmually 
changes into radiation Conversely, as we go backwards 
m time, the total material weight of the universe must 
contmually mcrease We have seen how the present 
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examination of the teeth of a population shewed that 
four times as many had adult teeth as infant teeth, 
this would create a pnma facie expectation that we 
were deahng with a steady population. If, on the 
contrary, 100 times as many people were found with 
adult teeth as with mfant teeth, we should know we 
were not deahng with a steady population If other 
evidence pointed to the population all being of approxi- 
mately the same age, we should be inclined to accept 
this and regard the 1 per cent of cases of infant teeth 
as cases of arrested development 
We do not judge the ages of stars by their teeth but 
by their weights and lummosities And the lununosities 
of the stars are not found to conform to the statistical 
laws which would prevail m a steady population of 
stars. There appear to be so many middle-aged stars 
and so few mfants and veterans as to make the 
hypothesis of a steady contmuous creation hardly 
tenable Indeed there is rather distinct evidence of a 
special creation of stars at about the time our sun was 
bom. This leads back agam qmte naturally to the view 
tlmt the galactic system was bom out of a spiral nebula 
whose mam activity as a parent of stars occurred some 
5 to 10 million milhon years ago 


PEE-STELLAB EXISTENCE On the whole it seems 
likely that we must assign ages of 5 to 10 milhon million 
y^rs to niost or all of the stars m the galactic system. 
1 his IS as far as we can probe back mto time with any 
reasonable plausibihty. The atoms which now form the 
sun and stars must no doubt have had a previous 
^istence ^ atoms of a nebula, but we cannot say for 
how long The temperatures at the centres of the spiral 
nebulae may be, and m aU probability are, so high that 
atoms are stripped bare of electrons and so shielded 
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from annihilation. We may in fact regard the gaseous 
centres of nebulae as a sort of “white dwarfs” built on 
a colossal scale. This fits on to the fact that the nebulae 
geneiate very httle energy for their weights and so 
shine vciy feebly 

We have seen that the weights of two extra-galactic 
nebulae can be estimated to a reasonable degree of 
accuracy. The great Andromeda nebula ilf 31 has the 
weight of 3500 million suns, its total lummosity being 
that of 660 million suns The nebula N G C 4594 has 
the weight of 2000 million suns, and the lummosity of 
260 million suns A simple calculation shews that the 
atoms in the Andromeda nebula have an average 
expectation of hfe of 80 million million years, while the 
corresponding figure m NGC 4594 is 115 milhon 
million years. From these two instances, we may guess 
that the average hfe, before annihilation, of the atoms 
in such nebulae must be of the order of 100 milhon 
million years. It cannot be claimed that this c^ci^- 
tion IS either very convincing or very exact, but it 
supplies the only evidence at present available ^ to 
the probable length of hfe of matter m the nebular 
state We can say that the stars have existed ^ 
for from 5 to 10 milhon milhon years, and that feen 
atoms may have previously existed in ^or at 

least a comparable, and possibly for a much longer, 

^Tpart from detailed figures, however, it is cl^ 
we cannot go backward m tune for “ g 

back m time mvolves an 

of the matter of the “^Kt to toSl 

vidual stars, we cannot g® ^ quite 

weight becomes infinite Indeed a totoiay qm 
postibly be set by considerations which we ha 
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already mentioned The complete annihilation of all 
the matter now m the universe would raise the tem- 
perature of the earth’s surface by the six-thousandth 
part of a degree, the aimihilation of a million times as 
much matter would raise it by 160 degrees We cannot 
admit that as much radiation as this can be wandermg 
about space The earth’s temperature is determmed by 
the amount of radiation it receives from the sun, it 
adjusts its temperature so that it radiates away just 
as much energy as it receives A small correction is 
required on account of the earth’s own radio-activity, 
but this need not bother us What would bother us, 
and would mdeed upset the balance entirely, would be 
the radiation of a miUion dead umverses if this were 
for ever streammg on to us out of space; in this event 
the earth’s surface would have to nse to a temperature 
wen above that of boilmg water before it could restore 
the balance between the radiation it received and that 
it emitted. In a word, the radiation of a milhon dead 
umverses would boil our seas, nvers and ourselves 

THE CEEATION OE MATTEE AH this makes it 
clear that the present matter of the umverse cannot 
have existed for ever: mdeed we can probably assign 
an upper limit , to its age of, say, some such round num- 
ber as 200 million million years And, wherever we fix 
it, our next step back m time leads us to contemplate 
a defimte event, or senes of events, or contmuous pro- 
cess, of creation of matter at some time not mfimtely 
remote. In some way matter which had not previously 
existed, came, or was brought, into bemg. 

If we want a naturalistic mterpretation of this 
creation of matter, we may unagme radiant energy 
of any wave-length less than 1 8 x 10-“ ems bemg 
poured into empty space, this is energy of higher 
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“ availability ” than any known m the present 
and the running down of such energy might we ere 
a universe similar to our own The table on p. 
shews that radiation of the wave-length just mentioned 

mightconceivably crystallise into electrons andprotons, 

and finally form atoms If we want a concrete Pi^f^e o 
such a creation, we may think of the finger o 

sort .nage,y by— g 

on space, time, and matter being treated together and 
inseparably as a single system, so that it becom 
meaningless to speak of space and time as exis ^ S 
all before matter existed Such a view is , 

only with ancient metaphysical theories, bu a 

themoderntheoryofrelativity(p.74) The universe now 

becomes a finite picture whose dimensions are a certain 
amount of space and a certain amount of 
protons and electrons are the streaks of 
define the picture against its space-time ac 8 ‘ 

Travelling as far back in time as we can, bring 
to the creation of the picture, but to ^dge, 
creation of the picture lies as much ou si e 
as the artist is outside his canvas On this » 
cussing the creation of the universe in terms of tim 
and space is like trying to discover the arhst and rtxe 

action of painting, by going to the edge Lotems 

This brings us very near to those philosop y 
which regard the universe as a thought 
its Creator, thereby reducing all discussio 
creation to futility. , so 

Both these points of view are it is 

also IS that of the plain man full 

impossible for the own efforts shall 

plan of the universe, decides that nis ^ 
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stop this side of the creation of matter This last point 
of view IS perhaps the most justifiable of all from the 
purely philosophic standpomt It is now a full quarter 
of a century since physical science, largely under 
the leadership of Poincar^, left off trying to explam 
phenomena and resigned itself merely to describing 
them in the simplest way possible To take the simplest 
illustration, the Victorian scientist thought it necessary 
to “explam” light as a wave-motion in the mechanical 
ether which he was for ever trying to construct out of 
jellies and gyroscopes; the scientist of to-day, for- 
tunately for his samty, has given up the attempt and 
IS well satisfied if he can obtain a mathematical formula 
which will predict what light will do under specified 
conditions It does not matter much whether the 
formula admits of a mechanical explanation or not, 
or whether such an explanation conesponds to any 
thinkable ultimate reality The formulae of modern 
science are judged mainly, if not entirely, by their 
capacity for describing the phenomena of nature with 
sunphcity, accuracy, and completeness Tor mstance, 
the ether has dropped out of science, not because 
scientists as a whole have formed a reasoned judgment 
that no such thmg exists, but because they find they 
can describe all the phenomena of nature quite perfectly 
without it. It merely cumbers the picture, so they leave 
it out. If at some futuie tune they find they need it, 
they will put it back again 
This does not imply any loweiing of the standards or 
ideals of science , it imphes merely a growmg conviction 
that the ultimate realities of the universe are at present 
qmte beyond the reach of science, and may be — and 
probably are — ^for ever beyond the comprehension of 
the human mmd It is d pricm probable that only the 
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aitist can understand the full significance of the picture 
he has painted, and that this will remain for ever 
impossible for a few specks of paint on the ^nvas. It 
is for this kind of reason that, when, as m Chapter n, 
we try to discuss the ultimate structure of the atom, 
we are driven to speak in terms of similes, metaphors, 
and parables There is no need even to worry overmuch 
about apparent contradictions. The higher miity of 
ultimate reality must no doubt reconcile them a , 
although it remains to be seen whether this 
unity IS within our comprehension or not In tne 
meantime a contradiction worries us about as muck as 
an unexplained fact, but hardly more, it may or may 
not disappear in the progress of science 

If some such tram of thought may be applied to om 
elforts to understand the most minute processes of the 
universe (and it is the common everyday “ 

thought of those who axe workmg m this Aeld), t 
It must surely be still more apphcable to our efforts to 
understand the universe as a whole. Phenomena e 
to us disguised in their frameworks of tame space, 
they are messages in cypher of which we sh^ not 

understand the ultimate significance ™ orptmie 
discovered how to decode them out of their space-toe 

wrappmgs Whatever may be thought about our M 

abihtytfdecodethe difficult messageswehave^^ 

received about the ultimate ^tnictme <)f the 

parts of matter, it seems ^aW tte 

some apprehension with regard to 

structure of the universe as a whole, an'JP 

those about its beginnings and ^ 

the message itself may help us to f 

which It rLhes u^with suffi^ent skffi ^ 

do this-but we axe now speaking of problems as to 

22-2 
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wlien, by -whom, and for what purpose, the code was 
devised. There is no reason why a code message should 
throw any hght on this 

The astronomer must leave the problem at this stage. 
The message of astronomy is of obvious concern to 
philosophy, to rehgion and to humamty m general, but 
it is not the busmess of the astronomer to decode it. 
The observing astronomer watches and records the dots 
and dashes of the needle which dehvers the message, 
the theoretical astronomer translates these into words 
— and accordmg as they are found to form known con- 
sistent words or not, it is known whether he has done 
his job well or ill — but it is for others to try to under- 
stand and explain the ultimate decoded meamng of the 
words he writes down 

LIFE AND THE UNIVERSE 
Abandonmg our efforts to understand the universe as 
a whole, let us glance for a moment at the relation of 
bfe to the umverse we know 

The old view that every pomt of light m the sky 
represented a possible home for bfe is quite foreign to 
modern astronomy The stars themselves have surface- 
temperatures of anythmg from 1650 degrees to 30,000 
degrees or more, and are of course at far higher tempera- 
tures mside. By far the greater part of the matter of the 
umverse is at a temperature of milhons of degrees, so 
that its molecules are broken up into atoms, and the 
atoms are broken up, partially at least, mto their 
constituent parts Now the very concept of hfe imphes 
duration m time, there can be no life where atoms 
change their make-up milhons of times a second and 
no pair of atoms can ever stay jomed together It also 
implies a certain mobihty m space, and these two 
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atoms which form our earth seem to be the end pro- 
ducts of a long series of atomic changes, a sort of final 
ash resultmg from the combustion of the universe We 
have seen how such atoms probably float to the top in 
every star, as being the hghtest m weight, but it is by 
no means a foregone conclusion that all planets will con- 
sist of nothing but mert atoms, and so will cool down 
until life can obtam a footmg on them This has hap- 
pened with our earth, but we do not know how many 
planets and planetary systems may be unsuited for life 
because it has not happened with them. 

All this suggests that only an infinitesimally small 
comer of the umverse can be m the least suited to form 
an abode of life Prunaeval matter must go on trans- 
formmg itself mto radiation for milhons of miUions of 
years to produce a minute quantity of the mert ash 
on which hfe can exist Then by an almost mcredible 
accident this ash, and nothmg else, must be tom out 
of the sun which has produced it, and condense into 
a planet Even then, this residue of ash must not be 
too hot or too cold, or hfe will be impossible 

Fmally, after all these conditions are satisfied, will life 
come or wiU it not’ We must probably discard the at one 
time widely accepted view that once hfe had come into 
the universe in any way whatsoever, it would rapidly 
spread from planet to planet and from one planetary 
system to another until the whole universe teemed with 
life, space now seems too cold, and planetaiy systems 
too far apart. Our terrestrial life must in all probabihty 
have onginated on the earth itself What we would like 
to know IS whether it originated as the result of still 
another amazmg accident or succession of comcidences, 
or whether it is the normal event for inanimate matter 
to produce life m due course, when the physical environ- 
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the atmosphere of Venus. If any is present at all, 
St John estimates that the amount above the clouds 
which cover the surface of Venus is less than 0 1 per 
cent of the terrestrial amount. The evidence, for what 
it IS worth, goes to suggest that Venus, the only planet 
in the solar system outside Mars and the earth on which 
life could possibly exist, possesses no vegetation and no 
oxygen for higher forms of life to breathe. 

Apart from the certain knowledge that life exists on 
earth, we have no definite knowledge whatever except 
that, at the best, life must be limited to a tiny fraction 
of the universe Millions of millions of stars exist which 
support no life, which have never done so and never 
will do so Of the rare planetary systems m the sky, 
many must be entnely lifeless, and m others life, if it 
exists at all, is probably limited to a few planets The 
three centuries which have elapsed since Giordano 
Bruno suffered martyrdom for beheving in the plurality 
of worlds have changed our conception of the umverse 
almost beyond description, but they have not brought 
us appreciably nearer to imderstandmg the relation of 
life to the universe. We can still only guess as to the 
meamng of this life which, to all appearances, is so rare 
Is it the final climax towards which the whole creation 
moves, for which the milhons of millions of years of 
transformation of matter in umnhabited stars and 
nebulae, and of the waste of radiation m desert space, 
have been only an incredibly extravagant preparation^ 
Or IS it a mere accidental and possibly qmte unimpor- 
tant by-product of natural processes, which have some 
other and more stupendous end m view’ Or, to glance 
at a still more modest Ime of thought, must we regard 
it as something of the nature of a disease, which affects 
matter in its old age when it has lost the high tempera- 
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receives from the sun This ]ust about balances the 
amount it radiates away into space, so that it would 
stay at its present temperature for ever if external 
conditions did not change, and any changes in its 
condition will be forced on it by changes occurrinn 
outside 

These external changes may be of many kinds. The 
sun’s loss of weight causes the earth to recede from it 
at the rate of about a yard a century, so that after a 
million million years, the earth will be 10 per cent, 
further away from the source of its light and life than 
now Consequently even if the sun then radiated as 
much light and heat as now, the earth would receive 
20 per cent less of this radiation, and its mean tem- 
perature would be some 15 degrees Centigrade or so 
lower than at present But after a million million 
years the sun will not radiate as much light and heat as 
now, it will have lost some 6 per cent, of its present 
weight through radiation, and, judging from other 
stars, this loss will probably reduce its energy-geneiatmg 
capacity by about 20 per cent This will reduce the 
earth’s temperature by about another 15 degrees, so 
that after a million million years the inevitable course 
of events will have reduced the earth’s temperature 
by about 30 degrees Centigrade 

It would be rash to attempt to predict how such a 
fall of temperature may affect terrestrial life, and human 
life m particular Given sufficient time, life has such 
an enormous capacity for adapting itself to its environ- 
ment that it seems possible that, even with a tempera- 
ture 80 degrees Centigrade lower than now, life may 
still exist on earth a milhon miUion years hence If so, 
I am glad that my life has not fallen in this far distant 
future. Mountams and seas, which provide some of 
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Venus may be followed by Merctiry m due course, but 
the present evidence is that Mercury is devoid of atmo- 
sphere, m which case it is hard to imagine it as a 
home for hfe at aU resembhng that which now inhabits 
the earth. 

So far we have considered only the normal course of 
events; a variety of accidents may brmg the human 
race to an end long before a milhon million years have 
elapsed To mention only possible astronomical occur- 
rences, the sun may run into another star, any asteroid 
may hit any other asteroid and, as a result, be so 
deflected from its path as to stnke the earth, any of the 
stars m space may wander mto the solar system and, 
m so domg, upset aU the planetary orbits to such an 
extent that the earth becomes impossible as an abode 
of hfe It IS difficult to estimate the hkehhood of any 
of these events happemng but they all seem very im- 
probable, and the first and last highly so Let us dis- 
regard them all. 

A danger remams which cannot be so hghtly dis- 
nussed Let us first state it in techmcal language The 
sun IS a main-sequence star, and is moreover very near 
to the left-hand edge of the mam-sequence m the 
Russell diagram (p. 278) Beyond this edge is a region of 
tte diagram which is completely untenanted by stars 
We have supposed this region to be untenanted by stars 
because the stellar configurations it represents would 
be unstable Stars pass through it rapidly until they 
find a stable configuration, and so end up in a region 
which can be permanently tenanted by stars Now the 
n^ stable configurations beyond this region are those 
of the white dwarfs, and as these are less massive as a 
class than the main-sequence stars, the general trend of 
stellar evolution appears to be from main-sequence star 
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shrunken suns of this type with planets like our earth 
revolving round them Whether these planets carry 
on them the frozen remains of a life which was once 
as active as our present life on earth we can hardly 
even surmise. 

This may be thought to open up a starthng prospect 
for the earth, but we can take courage for several 
reasons In the first place a 3 per cent decrease in 
the sun’s luminosity can hardly occur in less than about 
150,000 miUion years This in itself is not too bad, but 
the prospect becomes enormously more hopeful when 
we reflect that the evolution of the stars, including the 
sun, takes place m a direction almost parallel to the 
edge of the mam-sequence The sun is not heading 
for the precipice, so much as s kir ting along its edge 
Whether it is approaching the edge, and is ultimately 
destmed to fall over, we do not know, but it is in any 
case imhkely to reach the edge within the next m illi on 
million years. 

Fmally, the sun’s distance from the edge of the 
mam-sequence cannot be estimated with anything hkc 
the degree of accuracy assumed m the foregomg cal- 
culations The figure of 0-03 appeared as the difference 
of two much larger numbers, and although both of 
these can be estimated with fair accuracy, neither can 
be estimated with sufficient accuracy to justify us in 
treatmg their small difference of 0 03 as exact The 
most we can say is that the sun is quite fairly near to 
the dangerous edge, but that any appreciable motion 
towards this edge is a matter of millions of millions of 
years 

Another danger, of a more speculative kind, must 
also be mentioned We have seen (p 61) how every 
now and then a new star appears in the sky, shines 
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with terrific brilliancy for a short time, and then either 
fades away entirely or continues to 
star These apparitions are known as novae —new 
stars In many cases the nova has been proved to be 
an ordinary star which was visible as a very faint star 
long before it appeared as a nova, flashed into brilliance 
for a brief span of life, and then lapsed back in o 
commonplace^ss, and it seems reasonable to suppose 
that all novae are of this kind, although the star may 
often escape detection until it assumes its brilliant 
nova state These apparitions are by 
something like six appear every year 
system alone Now if we suppose the 
to consist of 300,000 million stars, this 

the average, each star becomes a know is 

50 000 million years What we would like to know is 
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So^far there is no agreement among astronomers 
either as to the physical causes which t-n - or^y 
star into a nova, or as to the physical 
prevail in novae Various suggestions are in the fieM 
hot none of them wins general ^-cceptance ^ ^ 
fairlv certain that if our sun were suddenly to become 
a nova, its emission of light and heat would so inj^se 
all hte off the earth, hut we »= 
in the dark as to whether our sun runs any 
entering the nova stage If it does, this is probably 
the greatest of all the risks to which life on earth is 

from accidents, we have seen that if the solar 
sy^efis left to the natural course of evoluhon. the 
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earth is likely to remain a possible abode of life for 
something of the order of a milhon milhon years to 
come 

This IS some five hundred times the past age of the 
earth, and over three million times the period through 
which humanity has so far existed on earth. Let us try 
to see these times m their proper proportion by the help 
of yet another simple model Take a postage-stamp, 
and stick it on to a penny Now climb Cleopatra’s 
needle and lay the peimy flat, postage-stamp upper- 
most, on top of the obelisk The height of the whole 
structure may be taken to represent the time that has 
elapsed smce the earth was born On this scale, the 
thickness of the penny and postage-stamp together 
represents the time that man has hved on earth The 
thickness of the postage-stamp represents the time he 
has been civilised, the thickness of the penny repre- 
senting the time he lived in an uncivilised state Now 
stick another postage-stamp on top of the first to 
represent the next 5000 years of civilisation, and keep 
stickmg on postage-stamps imtil you have a pile as 
high as Mont Blanc Even now the pile forms an 
inadequate representation of the length of the future 
which, so far as astronomy can see, probably stretches 
before civihsed humanity, unless an accident cuts it 
short The first postage-stamp was the past of civilisa- 
tion, the column higher than Mont Blanc is its future. 
Or, to look at it in another way, the first postage-stamp 
represents what man has already achieved, the pile 
which outtops Mont Blanc represents what he may 
achieve, if his future achievement is proportional to 
his time on earth 

Yet we have seen that we cannot count on such a 
length of future with any certainty Accidents may 
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learn how to harness the forces of nature, and to make 
a world worthy for mankind to live in. We are still too 
much engulfed in the greyness of the morning mists to 
be able to imagine, however vaguely, how this world 
of ours will appear to those who will come after us 
and see it m the full light of day But by what light 
we have, we seem to discern that the mam message 
of astronomy is one of hope to the race and of re- 
sponsibility to the individual — of responsibility because 
we are drawing plans and la3ung foundations for a 
longer future than we can well imagme. 
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